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ABSTRACT 

*  Various  methods  for  determining  air  change  rates  in  a  building  space  are 

»  critically  investigated,  end  *  stive  conclusions  ate  drawn  Irani  die  data* 

Several  buildings  are  used  for  the  determination  of  air  change  rates  in 
potential  shelter  spaces  by  gravity  circulation  atone.  The  buildings  very 
in  size,  use  and  configuration,  and  air  circulation  paths  are  changed  In 
each  building  In  an  effort  to  determine  optimum  conditions  for  gravity  ven¬ 
tilation.  An  experimental  test  facility  Is  used  to  check  out  and  refine  in¬ 
strumentation,  equipment,  and  procedures. 
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PREFACE 


The  ventilation  of  a  shelter  is  one  of  the  major  Stems  of  cost,  particularly 
when  existing  spaces  ore  modified  for  use  as  shelters.  It  is  recognised 
from  the  basic  physics  of  air  movement  that  heat  in  occupied  spaces,  under 
certain  building  configurations  and  with  the  advantage  of  common  vertical 
diets,  offers  opportunity  for  a  certain  amount  of  natural  circulation. 
Therefore,  if  sufficient  quantities  of  fresh  air  entered  a  space  by  na*-.'n.<. 
means,  the  problem  of  ventilating  that  space  in  case  of  power  failure 
would  be  reduced  considerably.  It  would  also  be  possible  to  eliminate  ex¬ 
pensive  filtration  equipment  which  is  normally  needed  when  a  mechanical 
system  with  high  velocity  intake  It  provided. 

The  current  shelter  incentive  program  and  the  current  shelter  program  which 
the  federal  government !»  funding  will  hove  a  significant  amount  of  effort 
devoted  to  the  vent! lotion  problem.  The  Office  of  Civil  Defense  Is  there¬ 
fore  deeply  interested  in  gutting  answers  to  the  ventilation  problem. 


LIST  OF  CONTENTS 


1.  INTRODUCTION 

bockground  — -  - —  ■  —  —  ) 

objectives  — — - — - - - - -  2 

scope  - — — - - - - - - - — —  2 

climatic  ranges  -  — — —  -  -  -  -  —  — — ........  -  —  4 

general  work  schedule  — — - - - — — . — - -  4 

basic  procedures  —  ■  ■■  - • — - --  5 


2.  INSTRUMENTATION  AND  EQUIPMENT 

energy  input  to  the  test  space  — - — —  7 

temperature  measurement - - - - — -- — - -  9 

humidity  measurement  - - 9 

effective  temperature - - - — - - —  ]Q 

weather  data  — - - — - — - - - jq 

methods  of  measuring  air  change  rates  ——————  -  10 

3.  TEST  BUILDING  NO.  1 

description  of  building  and  test  space  4] 

general  procedure  43 

test  results  — —— — — 52 

4.  TEST  BUILDING  NO.  2 

description  of  building  and  test  space  — —  ^3 

general  procedure  — - — — «■ - - - —  71 

test  results  «■■"»  ■■  n...——  73 

5.  TEST  BUILDING  NO.  3 

description  of  building  and  test  space  — « — — ——  gj 
general  procedure  — — —  97 

test  results  - — - — ■ — — — — - - — -  97 


6.  EXPERIMENTAL  VENTILATION  FACILITY 

purpose  of  facility - — .... - - 137 

description  of  facility  — « — — — - .  137 

7.  SUMMARY  ANO  CONCLUSIONS 

i nstrumcntotion  -  — - - —  - 149 

test  procedure  - — — — - — - — - --- — ---—  jj) 

test  results  - - - - - — ~  157 

APPENDIX  A  -  RECOMMENDATIONS  FOR  FURTHER  STUDY  —  A-l 

BIBLIOGRAPHY - - - - - - 0-1 


» 

IV 


LIST  OF  FIGURES 


FIGURE 

1 

2 

3 

4 

5 

6 
7 
6 

9 

10 

11 

12 

13 
M 

15 

14 


TITLE  AND  CHAPTER  LOCATION 

CHAPTER  I  —  INTRODUCTION - 

Schematic  Diagram  of  Air  Flow  Circuit  . -  - - - - 

CHAPTER  2  -  INSTRUMENTATION  AND  EQUIPMENT  - 

Lamp  Bank  - - - - , — - - 

Humidifier  Barrel 

Recording  Potentiometer  ... .... .  - . . 

Automatic  Piychrometer  . . 

Hygro-Thermogrcph 
Effective  Temperature  Chart 

Outdoor-indoor  Environment  Comooriion*  —  lor  Wing  No.  3 

Tracer  Got  Decay  Curve*  (Helium)  . . . - . 

The  N.B.S.  Portable  Infi tfration  Meter  . . . - 

Section  Through  Senring  Device 

Schematic  Wiring  diagram  for  Portable  Infiltration  Meter  — . 

Control  Panel  Board  (Front) — — — 

Control  Panel  Board  (Rear)  — 

CHAPTER  3  -  TEST  BUILDING  NO.  I - — - - 

Exterior  View  —  Building  No.  1  (at  left) - * - 

interior  View  of  Tert  Space  .. . 

Basement  Plan  Showing  Test  Space  —  Building  No.  I 


17 


FIGURE 


TITLE  AND  CHAPTER  LOCATION 


PAGE 


18  Typical  Dormitory  Floor  Plan  —  Building  No.  1 - — — — —  47 

I?  Inlet  Door  in  Test  Space  . ....  —1  ■  .  43 

20  Outlet  Door  in  Test  Space  — - - - — - - - — —  43 

21  Test  Space  Plan  —  Building  No.  1 - — ~  -  - . .......  49 

22  Section  A -A  —  Building  No.  1  — —  — — — — — 

23  Section  8-6  —  Building  No.  I  —————————  ijj 

24  Test  No.  I  —  Building  No.  I  — * - - - . - .  54 

25  Test  No.  2  —  Building  No.  1  — — - - — - — - „  57 

26  Test  No.  3  —  Building  No.  1  53 

27  Test  No.  4  Building  No.  1  ——————————  —  yf 

28  Comparison  of  Air  Flow  Circuit  Configurations  —  Building  No.  1  60 

CHAPTER  4  -  T£$T  BUILDING  NO.  2  - — - — *  63 

29  Enteric*  View  —  Building  No.  2  —————— —  34 

30  $ub-8a*«meni  Plan  SKowing  Test  Spec*  —  Building  No.  2  *— <*  66 


31  Basement  Plan  —  Building  No.  2 - — - -  67 

32  Section  **A  —  Building  No.  2  ————————  68 

33  Section  8-6  —  Building  No.  2  — — — - — — — 69 

34  interior  View  of  Test  S price  - — — — ~ — _ yg 

35  Test  No.  1  —  Building  No.  2  —————— — — — —  75 

36  Test  No.  2  —  Building  No.  2  - - — — — — —  76 

37  Test  No.  3  -  Building  No.  2  - - 76 

38  Test  No.  6  —  Building  No.  2  ——————  79 


TITLE  AND  CHAPTER  LOCATION  PAGE 

Comparison  of  Air  Flow  Circuit  Configurations  —  Building  No.  2  82 

CHAPTER  5  -  TEST  BUILDING  NO.  3  - -  85 

Exterior  View  —  Building  No.  3  . 86 

Basement  Plan  Showing  Test  Space  —  Building  No.  3  -  ■  < 88 
Typical  Dormitory  Floor  Plan  —  Floors  2,  3,  4  —  Building  No.  3  89 

Section  A-A  —  Building  No.  3 - — — - 90 

Section  B-B  —  Building  No.  3  — — — — - — — —  91 

Interior  View  of  Test  Space - -  92 

Test  No.  1  —  Building  No.  3  — — —— — — — 99 

Test  No.  4  —  Building  No.  3  —————————  101 

Test  No.  6  —  Building  No.  3  ————————————  104 

Test  No.  7  —  Building  No.  3  — — — — ■ — — —  110 

Test  No.  9  —  Building  No.  3  — — — — —— —  — 111 

Test  No.  10—  Building  No.  3  — — . 112 

Test  No.  II  —  Building  No.  3  — •* — — — —  115 

Test  No.  12  —  Building  No.  3  -  117 

Test  No.  13  —  Building  No.  3  —  119 

Test  No.  14  —  Building  No.  3  •■-»—.-“«—«•.—■•»»»»*  121 

Test  No.  15—  Building  No.  3  — — — — ■■  ■■■  — ——  123 

Test  No.  16  —  Building  No.  3  —————— 125 

Test  No.  17  —  Building  No.  3  127 


Comparison  of  Air  Flow  Circuit  Configuration*  —  Building  No.  3  -  130 


FIGURE  TITLE  AND  CHAPTER  LOCATION 

CHAPTER  6  -  EXPERIMENTAL  TEST  FACILITY 

61  Exterior  View  —  Research  Building  — - - 

62  Floor  Plan  Showing  Test  Chamber 

63  Section  A-A  —  Research  Building  . . 

64  Exterior  View  of  Test  Chamber  — - 


65 


Interior  View  of  Test  Chamber 


LIST  OF  TABLES 


TABLE 

TITLE 

PAGE 

1 

Normal  Heat  Dissipation  - — - ■ - 

8 

2 

30 

3 

33 

4 

Test  Summary  Building  No.  1  — — — 

61 

5 

Test  Summary  Building  No.  2 - — — — — — 

83 

6 

Schedule  of  Operations  Building  No.  3 

94 

7 

Test  Summary  Building  No.  3  - — — • — «~ 

-  131 

8 

Comparison  of  Air  Change  Rotes  by  Water  Vapor  and 

Tracer  Gas  Decay  Methods  . 

-  145 

U 


CHAPTER  1 

INTRODUCTION 

BACKGROUND  . 

Mitch  information  relating  to  the  need  of  human  beings  for  specific  con¬ 
ditions  of  the  atmosphere  has  been  accumulated  over  the  years.  These 
conditions  involve  temperature,  humidity,  air  movement,  oxygen,  carbon 
dioxide  and  other  gaseous  content,  as  well  as  the  Inter-dependence  of 
those  factors.  The  tolerance  ranges  for  these  conditions  have  been  deter¬ 
mined  for  various  levels  of  comfort  and  for  many  occupancy  conditions* 
However,  tolerability  or  the  consciences  of  prolonged  exposure  to 
environmental  extremes  outside  of  the  "comfort  zone"  have  not  been 
precisely  defined,  particularly  with  respect  to  the  effects  of  age  and  state 
of  health. 

There  Is  also  a  considerable  amount  of  information  available  relating  to 
the  methods  by  which  ambient  temperature,  humidity,  olr  movement,  and 
gaseous  content  are  controlled.  These  methods  apply  to  both  open  and 
closed  spaces,  and  Involve  both  regenerative  and  non *« generative  system*. 
Information  concerning  the  effect  which  humans,  animals,  equipment  and 
machines  produce  on  the  environment  is  also  available. 

In  procttcolly  alt  of  the  pertinent  literature,  in  all  of  the  controlled  experi¬ 
mentation,  and  in  all  of  the  published  criteria  dealing  with  protective  shelters 
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up  to  this  time,  the  need  for  fresh  air  has  been  satisfied  by  bringing  that 
air  in  from  outside  the  building.  (Figure  1  clarifies  air  flow  terminology 
used  in  this  report.)  This  has  created  a  number  of  problems  which  hove 
required  ingenious,  costly,  and  sometimes  undesirable  solutions.  In  order 
to  exclude  contaminated  particles  from  a  fallout  shelter,  for  example.  It 
is  frequently  necessary  to  provide  screens,  protection  boxes,  special  intake, 
terminals  and/or  filters.  Filters,  In  turn,  hove  created  special  problems  of 
space,  shielding,  replacement,  anddisposol.  Power  equipment,  in  addition 
to  being  costly,  also  Imposes  o  heavy  load  on  the  ventilation  system  for  Its 
own  air  supply  and  exhaust,  and  cooling  requirements. 

OBJECTIVES 

The  purpose  of  this  study  it  to  consider  natural  ventilation  systems  in  certain 
protected  spaces  in  selected  buildings.  The  project  objectives  ares  one, 
to  develop  reliable  techniques  for  measuring  the  natural  Influx  of  fresh  and 
Inlet  air  to  large  shelter  spaces;  two,  to  make  pilot  studies  of  natural  ven¬ 
tilation  phenomena  In  typical  spaces  designated  for  shelter  use  in  existing 
structures;  and  three,  to  Investigate  practical  means  of  improving  ventilation* 

SCOPE 

The  project  It  keyed  Into  the  current  shelter  Identification  system  and  the 
shelter  survey  program,  whereby  o  shelter  space  must  hove  ot  least  o  potential 
occupancy  of  SO  persons  to  qualify  os  a  community  shelter,  such  to  be  marked 
and  stocked  by  the  federal  government  for  thot  occuponcy.  The  space  will 
hove  a  floor  area  of  ot  least  500  square  feet.  This  specific  project  is  limited. 
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I  . 

SCHEMATIC  DIAGRAM  OF  AIR  FLOW  CIRCUIT 

Definition  of  Tenet: 

INLET  AIR  -  on/  oir  which  enter*  the  test  space  ot  the  inlet 

OUTLET  AIR  -  oh  ejected  front  the  te*t  space  ot  the  outlet. 

FRESH  Alt  -  air  entering  the  building  from  the  outside. 

EXHAUST  AIR  -  oir  ejected  from  the  building  to  the  outside. 

CIRCULATING  AIR  -  cny  flow  of  oir  within  the  building . 


generally,  to  multi-story  buildings  because  of  the. enhanced- potential  for 
effective  shelters  against  fallout  In  such  existing  spaces.  The  natural  ven¬ 
tilation  of  an  Isolated  or  a  typical  underground  single-purpose  shelter  will 
not  be  considered.  The  problem  is  complicated  by  the  fact  that  the  space 
must  be  studied  In  relation  to  the  total  buitding  system  and  to  the  usual 
labyrinth  of  vertical  ducts. 

CLIMATIC  RANGES 

All  work  was  conducted  on  the  campus  of  The  Pennsylvania  State  University* 
located  in  the  rolling  hilts  of  central  Pennsylvania  (Borough  of  State  College 
Pennsylvania),  at  approximately  41°  north  latitude.  Tests  were  conducted 
during  the  spring  and  summer  months  while  outdoor  temperatures  ranged  be¬ 
tween  45  F  and  85  F. 

GENERAL  WORK  SCHEDULE 

Within  the  time  available,  a  limited  vortety  of  building  situations  was 
Investigated.  In  every  case,  the  essential  Ingredient  was  o  space  which 
would  serve  adequately  as  a  community  shelter  with  a  minimum  of  alter¬ 
ations  or  modification* 

Cotoi  Jeroble  time  was  allocated  in  the  first  test  building  for  developing  0 
workable  procedure  ond  for  checking  out  test  equipment.  Once  that  process 
hod  been  refined  and  settled,  the  time  spent  in  on  octuol  test  series  could 
then  be  limited  to  two  or  three  weeks.  Some  of  the  buildings  considered 
were  suitable  for  two  or  more  series  of  tests  with  changed  conditions  each 


time,  white  othen  were  of  such  simple  arrangement  that  a  single  series  of 
tests  would  suffice. 

i 

The  first  test  building  used  was  o  high  rise  dormitory  {Building  No.  1),  a  com- 
plete  description  of  wliich  is  given  in  Chapter  3. 

The  next  building  (Building  No.  2)  wos  a  three-story  classroom-laboratory- 
office  building  with  a  full  basement  and  a  partial  sub-basement.  The  sub- 

t 

basement  was  used  for  the  test  space.  A  full  description  of  this  building  is 
contained  in  Chapter  4. 

The  third  building  (Building  No.  3)  was  another  dormitory  of  5  stories  plus 
basement  with  a  potential  shelter  space  In  the  basement  quite  different  from 
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that  in  Building  No.  1.  This  building  wot  unoccupied  during  the  summer, 
and  therefore,  was  used  for  o  variety  of  tests  without  interference  of  people, 
extraneous  ventilation  or  artificial  heat.  Also,  worm  summer  coodittons 
reduced  the  air  density  difference  of  the  stocks  which  resulted  in  a  reduction 
of  air  circulation.  For  these  reosont,  the  results  of  experiments  in  this 
building  were  more  dependable  ond  more  meaningful  than  those  gained  from 
Building  No.  1 .  A  complete  description  of  Building  No.  3  is  contained  In 
Chapter  S. 

BASIC  PROCEDURES  ‘ 

The  problem  was  essentially  that  of  moving  a  mass  of  air  through  a  space 
without  benefit  of  mechanical  equipment.  The  test  spaces  used  in  the  pro¬ 
ject,  which  happened  to  be  oil  below  ground,  were  selected  by  virtue  of 
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their  sheltering  properties.  Occupants  in  a  space  will  generate  heat  and 
moisture,  and  the  heat  can  be  utilized  to  provide  the  circulation  to  ven¬ 
tilate  that  space-  U  was,  therefore,  simply  a  matter  of  providing  a  pails 
for  air  to  flow  from  the  test  space  to  the  remaining  volume  of  the  building 
and  to  permit  the  heat,  humidity  and  carbon  dioxide  to  be  dissipated.  Air 
from  the  larger  volume  could  then  recirculate  to  the  test  space.  Thls  is 
essentially  a  closed  circuit,  but  it  Is  recognized  that  normal  infiltration 
into  the  building  will  occur  through  the  erodes  in  windows  and  door 
assemblies,  and  to  a  . very  minor  degree,  through  the  wall  construction.  The 
quantity  and  probably  consequences  of  radioactive  particles  entering  these 
cracks  through  infiltration  is  a  subject  that  needs  further  study.  Cracks 
around  pipes,  ducts,  partition  walls  and  extraneous  vents  within  the  test 
spaces  were  sealed  in  order  that  more  accurate  results  could  be  obtained 
for  slack  effects  under  controlled  conditions. 

The  selected  test  spaces  were  equipped  and  instrumented  to  simulate 
occupants.  A  criterion  of  ten  squore  feet  per  person  was  generally  used  so 
that  o  test  space  of  approximately  1000  squore  feet  would  accommodate  100 
persons.  Heat  wot  generated  and  dispersed  within  the  room  on  this  basts. 
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CHAPTER  2 


INSTRUMENTATION  AND  EQUIPMENT 

ENERGY  INPUT  TO  THE  TEST  SPACE 
1.  Sensible  heat: 

for  sensible  heat  Input,  banks  of  100  and  200  watt  lamp*  were  used.  These 
provided  heot  at  the  rate  of  150  to  200  Btu's  per  person  per  hour  as  needed, 
the  amount  being  varied  as  the  room  conditions  changed  and  as  on  . 
Individual  would  vary  his  heat  dissipation  between  latent  and  sensible. 

Basis  for  this  distribution  is  available  in  on  article  by  Achenbach,  Phillips 
and  Drape ou)  with  o  summary  given  in  Table  1  which  follows. 

Each  bank  of  lamps  {figure  2)  hod  o  potential  output  of  3000  Btu's  per 
hour.  In  order  to  ovoid  high  Intensify  point  sources  the  lamps  were  shielded 
with  reflective  aluminum  covers  and  the  entire  bank  enclosed  within  a  per* 
foroted  aluminum  screen.  The  bonks  were  quite  evenly  distributed  around 
the  test  space  to  simulate  the  dispersion  of  occupants. 

The  power  to  operate  the  120  volt  single  phase  lamps  was  metered.  Ako, 
all  other  electrical  equipment  which  odded  to  the  sensible  heat  toad  wes 
metered. 

I.  Achenbach,  P.  R.,  Phillips,  C.  W.,  Dropeau,  F.  J.  J.: 
ENVIRONMENTAL  CHARACTERISTICS  Of  A  SMALL  UNDER¬ 
GROUND  FALLOUT  SHELTER.  ASHRAE  Journal,  Vol.  4,  No.  I, 

PP  21-28,  Jon.  1952. 


Table  1 


NORMAL  HEAT  DISSIPATION  IK  MU 
PER  PERSON  PER  HOUR 


SHELTER  TEMP.* 
DEGREES  F 

SENSIBLE 

HEAT 

LATENT 

HEAT 

TOTAL 

70 

300 

100 

— 

75 

250 

150 

E 

80 

200 

200 

400 

85 

150 

250 

400 

90 

100 

300 

400 

From  ASHRAE  JOURNAL  Vol.  4,  No.  1* 

* 

Jon.,  \M. 

2.  Latent  beat) 


Moisture  was  added  to  the  test  space  by  evaporating  water  from  barrets 
placed  In  the  room.  A  5$  gallon  barrel  was  fUled  with  city  water  and 
placed  on  an  elevated  platform  mounted  on  o  platform  scale.  The  water 
was  weighed  and  then  fed  as  required  to  humidifier  barrels*  one  of  which 
is  illustrated  (Figure  3).  The  water  level  was  held  constant  in  those  barrels 
by  float ‘operated  feed  water  valves.  Immersion  type  resistance  heaters 
were  used  »o  evaporate  the  water.  Power  to  operate  the  herders  was 
metered  and  recorded. 


The  weight  of  the  55  gallon  water  supply  drum  was  recorded  before  ond 
after  the  addition  of  water.  By  this  means,  it  was  possible  to  keep  a 
record  of  the  amount  of  water  evaporated  per  hour  and  the  energy  required, 
to  accomplish  the  evaporation.  From  the  collected  data,  it  was  then 
possible  to  calculate  the  quantity  of  latent  heat  supplied  to  the  test  space.  , 

TEMPERATURE  MEASUREMENT 

Air  temperatures  were  measured  by  means  of  copper-comtontan  thermocouples. 
These  were  connected  to  a  recording  potentiometer  (Figure  4)  which  measured 
and  recorded  the  entering  air,  room  air,  and  leaving  air  temperatures  every 
hour,  Surfoce  temperatures  for  walls,  ceiling  and  floor  were  measured  and 
recorded  every  hour  by  meant  of  another  potentiometer  circuit. 

HUMIDITY  MEASUREMENT 

1 .  Automatic  psychrometer: 

A  specialty  constructed  aromatic  psychrometer  (Figure  5)  measured  and  re¬ 
corded  on  the  oir  temperature  potentiometer,  the  dry  bub  ond  wet  bub  tem¬ 
peratures  at  inlet  and  outlet  to  the  test  space.  These  measurements  were  mode 
once  eoch  hour.  The  relative  humidity  ond  moisture  gain  iirthe  room  went 
then  determined  with  the  oid  of  o  psychrometric  chart* 

2.  Hygro-thetmographsi 

Hygro -thermographs  (Figure  6)  were  placed  at  the  entrance  and  exit  of  the 
test  space  in  order  to  obtain  a  general  ond  continuous  record  of  the  inlet, 
ond  outlet  oir  temperature*  and  humidities* 


effective  temperature 


r 

i 


|  When  temperature  and  humidity  readings  indicated  steady-state  internal 

|  conditions,  it  was  considered  that  thermal  equilibrium  had  been  established. 

;  The  upper  effective  temperature  limit  was  arbitrarily  set  at  85  F  on  the  basis 

l 

of  existing  data  from  controlled  experiments  {Refer  to  Reference  7  in  the 

i 

bibliography).  This  permitted  a  variation  of  wet  bulb  and  dry  bulb  condition. 
For  example,  if  the  dry  bulb  were  limited  to  90  F,  the  wet  bulb  would  be 
limited  to  82  F  under  a  practically  static  air  movement  of  20  feet  per  minute 

i  , 

(Figure  7).  The  relative  humidity  at  this  condition  would  be  80%. 

WEATHER  DATA 

Weather  data  available  from  the  University  Weather  Station,  located  withie 

* 

a  mile  from  all  test  buildings,  includes  the  followings 

s 

1  o.  Ambient  temperature 

b.  Wind  velocity 

c.  Wind  direction 

d.  General  weather  conditions,  I.*.,  rain,  cloudy,  etc, 

e .  Total  tolar  radiation 

f.  Precipitation 

g.  Relative  humidify 

This  data  wot  obtained  as  needed  for  the  various  tests.  An  attempt  was 
mode  to  find  tome  correlation  between  cuftide  weather  conditions  ond 
changes  in  internal  conditions  within  the  test  spaces,  ff  such  o  correlation 
does  exist,  St  is  not  apparent  in  the  limited  but  varied  tests  conducted  in 

) 

)' 

I 
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HUMIDIFIER  BARREL 


*£$30 


(Tran  ASHftAE  GUIDE  for  1961,  p.  109) 


EFFECTIVE  TEMPERATURE  CHART 


Figure  7 


OUTPOCHHNDOOX  ENVIRONMENT  COMPARISONS  —  BUILDING  NO 


this  research  project.  An  exploration  con  be  found,  perhaps.  In  the  fact 
that  the  time  available  did  not  permit  cn  extensive  series  of  tests  in  any  one 
building  with  chonges  of  only  one  of  the  numerous  vorfobles.  A  typical  plot 
of  external-internal  environmental  conditions  (Figure  8)  shows  a  general 
lack  of  correlation, 

METHODS  OF  MEASURING  AIR  CHANGE  RATES 
I.  TRACER  GAS  DECAY  METHODS 

General  principles  of  tracer  gas  technique: 

The  air  change  rate  of  an  enclosure  Is  defined  as  the  ratio  of  the  hourly  rote 
at  which  air  enters  (or  leaves)  the  enclosure  to  the  volume  of  the  enclosure. 
Equipment  which  uses  the  tracer  gas  technique  was  employed  In  many  tests 
on  this  project  to  determine  the  air  choege  rote. 

The  amount  of  decay  in  tracer  gas  concentration  in  the  test  space  per  unit 

time  Is  numerically  equal  to  the  amount  of  tracer  gas  leaving  the  spoce  with 

the  outlet  air  in  the  some  unit  time.  This  con  be  expressed  by  the  formula: 

-VdC  ■  NVCdt  (I) 

where  V  "  Volume  of  the  space,  cubic  feet 

C  “  Concentration  of  hocer  gas  at  time  t,  ppm 
N  ®  Number  of  oir  change*  per  hour 
t  “  Time,  hours 

with  C  °  Cfi  at  t  •  0,  the  solution  of  eqvotion  (I)  !ss 

N  -  In  [co/c]/t  (2) 

Equation  (2)  states  that  the  number  of  a»r  changes  occurring  during  time  t  is 
equal  to  tto  natural  logarithm  of  the  ratio  of  the  initial  tracer  gas  concert- 


tration  to  the  concentration  at  the  end  of  the  time  Interval.  The  rate  of 
ventilation  can  then  be  calculated  by  multiplication  of  V,  the  volume  of 
the  space,  ond  N,  the  number  of  air  changes  per  hour.  Typical  decay 
curves  are  illustrated  (Figure  9). 

The  main  function  of  ony  equipment  used  in  employing  the  tracer  gas  decay 
method  of  determining  air  change-rote  is  to  indicate  the  concentration  of 
the  tracer  gas  in  the  test  space  as  a  function  of  time.  There  ate  many 
methods  available  for  obtaining  this  result  and  several  of  the  best  methods 
were  employed  during  the  various  tests  in  this  project.  In  general,  tf» 
toxicity  of  the  gases  suggested  for  use  in  this  work  can  be  ignored,  except 
for  the  simple  but  important  precaution  of  preventing  ony  contact  of  Freon 
with  hot  plates,  boilers  and  other  high  temperature  surfaces. 

A.  PORTABLE  INFILTRATION  METE* 
l .  General  information; 


The  basic  tracer  gas  equipment  used  for  this  project  was  o  Portable  Infiltration 
Meter  on  loan  from  the  National  Bureau  of  Standards  where  it  was  developed 
by  Mr.  Carl  W.  Coblents,  Mechanical  Engineer.  The  Portable  Infiltration 
Meter  utilises  the  change  in  thermal  conductivity  of  the  mixture  of  air  and 
tracer  gas  os  the  method  of  meosuring  the  chcnge  in  tracer  gas  concentration. 
Helium  serves  o»  a  very  satisfactory  tracer  gas  since  its  thermo!  conductivity 
is  six  times  that  of  oir,  ond  o  small  change  of  concentration  of  helium  in  olr 
couses  a  readily  detectobie  change  in  thermal  conductivity). 


TIME  -  MINUTES 

TRACER  GAS  DECAY  CURVES  (HELIUM) 


2*  Sensing  devices: 

A  sensing  device,  shown  with  control  cabinet  (Figure  10),  Is  a  small  alumi¬ 
num  cylinder  with  two  5/8  inch  i.d.  cavities  symmetrically  arranged.  Care¬ 
fully  matched  thermistors  of  the  bead  type  on  a  glass  probe  are  enclosed  In 
the  cavities.  One  covity  is  hermetically  seoted  while  the  ether  has  3/64 
Inch  holes  at  the  top  and  bottom  of  the  covity  to  permit  natural  convection 
air  movement  induced  by  the  heated  thermistor.  A  schematic  cross  section 
of  such  a  sensing  device  is  also  shown  (Figure  1 1). 

Because  of  the  higher  conductivity  of  helium,  heat  transfer  by  conduction 
Is  greater  in  the  cavity  which  contains  the  helium  air  mixture.  When  the 
sensing  device  Is  heated,  the  thermistor  In  the  helium  air  cavity  will  be 
slightly  cooler  than  that  in  the  seated  cavity.  Since  small  changes  In  tem¬ 
perature  produce  a  considerable  change  In  the  thermistor  resistance,  e 
change  of  helium  concentration  con  be  determined  by  observing  o  difference 
of  the  resistance  of  the  two  thermistors.  By  installing  the  two  thermistors  in 
o  Wheatstone  Bridge  circuit,  the  unbalanced  resistance  can  be  used  os  e 
measure  of  helium  concentration. 

3.  Measuring  apparatus} 

The  control  cabinet  housing  the  bridge  circuits  and  control  equipment  for  the 
sensing  devices  (Figure  10)  operates  on  a  115  volt  o-c  power  supply.  A 
schematic  wiring  diogrom  of  the  apparatus,  showing  the  power  supply  and 
metering  circuit  and  one  of  the  ten  unsing  device  circuits  is  also  shown 
(Figure  12). 
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SCHEMATIC  WIRING  DIAGRAM  FOR  PORTABLE  INFlLPATtQN  METE* 


Figure  12 


Two  15K  ohm  resistors  form  the  fixed  tegs  of  the  Wheotstone  Bridge  for  eoch 
serotng  device.  Each  bridge  circuit  is  balanced  with  two  500  ohm  variable 
resistors  connected  in  parol  tel.  One  of  them  is  connected  ?n  series  withe 
fixed  500  ohm  resistor  ro  provide  o  coarse  and  a  fine  adjustment  over  a  wide 
range.  A  filtered  105  volt  d-c  supply  for  each  sensing  device  circuit  is 
obtained  by  using  a  voltage  stabilizer  ond  a  full-wove  selenium  rectifier. 

A  constant  wottage  network  is  required  for  supplying  the  thermistors.  Line 
voltage  fluctuations  are  reduced  by  means  of  a  voltage  regulator  tube 
OA3-VR75.  With  a  1090  ohm  variable  resistor  and  o  switchboard  butt* 
T2-48-0  operating  as  voltoge  dropping  resistors,  changes  in  the  bridge 
heater  current  ore  held  to  o  minimum. 

A  Leeds  and  Northrop  galvanometer  with  o  full  scale  deflection  at  0.5  micro¬ 
amperes  current  serves  os  on  indicator.  Two  vemi-c<wwc»cd -selector 
switches  ond  the  necessary  shunt  ond  voltage-dropping  resistors  permit  the 
measurement  of  the  progressive  unbalance  of  the  Wheotstone  Bridge  circuit  of 
eoch  sensing  device,  this  obo  permits  measurement  of  the  d-c  output  voltoge 
of  th  rectifier,  the  heating  current  of  eoch  sensing  device,  ond  it  allow* 
shunting  of  the  Indicator  when  not  in  operation. 

4.  Operational  procedure: 

for  air  change  rate  measurements,  the  control  cabinet  Is  generally  placed 
outside  the  test  spoce  while  the  sensing  devices  ore  mounted  of  selected 
location*  within  the  space.  The  heating  current  of  each  sensing  device  i* 
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adjusted  and  all  components  ore  allowed  to  warm  up  to  a  steady-state  con¬ 
dition.  The  bridge  circuit  is  then  balanced  by  adjusting  the  balancing  re¬ 
sistors  so  that  the  indicator  reods  zero  for  each  sensing  device  used  in  the  test. 

Helium  in  the  amount  of  0.6  percent  of  the  total  volume  of  the  test  space  Is 
introduced  into  the  space  and  thoroughly  mixed  with  the  air  by  means  of  • 
desk  type  fans.  The  progressive  unbalance  of  the  Wheatstone  Bridge  circuit 
of  each  sensing  device  is  then  plotted  on  the  semi -logarithmic  paper  and  the 
air  change  rate  calculated  by  the  use  of  equation  (2). 

5.  Advantages  of  the  Portable  Infiltration  Meter: 

a.  Ready  availability  of  equipment  and  gas  to  the  researchers 
on  this  project. 

b.  Relative  convenience  for  use  in  an  occupied  building  wins 
out  causing  discomfort  or  even  awareness  to  the  occupants. 

c.  Relatively  easy  to  operate. 

Disadvantages  of  the  Portable  Infiltration  Meten 

a.  Non -re  cording,  therefore  requires  manual  manipulation. 

b.  Requires  a  minimum  of  30  minutes  to  observe  decay  of  one 
charge  of  helium  ofter  it  has  been  introduced  into  the  test 
space 

c.  Becomes  inoperative  at  high  humidities. 

d.  Unsuitable  for  air  change  rotes  higher  than  3  changes  per 


e .  Only  o  limited  number  of  checks  con  be  mode  of  the  olr 
change  rate  during  a  given  test  period  because  of  the 
necessity  of  allowing  the  test' space  air  to  become  con* 
pletely  free  of  helium  content  between  tests* 

f.  Each  sensing  device  detects  a  decay  rote'  onfy  in  the 
immediate  vicinity  of  the  sensing  device*  making  it 
difficult  to  ascertain  average  air  change  rate  for  a  large 
and/or  irregular  test  space.  • 

6*  Application  of  tracer  gas  decay  methods  to  large  and/or  Irregular  spaces: 

When  a  test  space  it  long  and  large  with  a  single  inlet  ond  outlet*  air  moves 
through  the  space  in  an  irregular  pattern.  There  is  o  mixing  of  oir  by  eddy 
currents  superimposed  on  the  flow  toward  the  outlet.  Therefore*  sensing  devices 
indicating  tracer  gos  concentration  placed  at  different  locations  in  the  test 
space  will  indicate  substantially  different  oir  change  rotes.  Suppose  the  tracer 
gos  Initially  is  uniformly  mixed  with  the  oir  in  the  test  space  ond  then  air  t» 
permitted  to  flow  through  the  space.  Sensing  devices  near  the  inlet  will  in¬ 
dicate  a  much  higher  oir  change  rote  initially  them  will  sensing  devices  near 
the  outlet.  This  is  due  to  cleon  oir  entering  the  test  spoce  ond  quickly  mixing 
with  the  trocer-gos-loden  oir  near  the  inlet  thus  cousing  o  rapid  decrease  in  the 
tracer  gos  content  of  this  oir  ot  the  some  time.  Near  the  outlet*  all  oir  reach¬ 
ing  the  tensing  device  will  initial  ly  contain  the  same  concentration  of  tracer 
gas  as  originally  supplied  to  the  test  spoce.  Also*  any  tensing  devices  located 
between  the  inlet  ond  outlet  will  indicate  oir  change  rates  thot  ore  between 
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these  extremes.  Thus,  for  large  test  spaces  and  fairly  targe  air  change  rates, 
extreme  difficulty  is  encountered  in  {udging  which  sensing  device  is  indi¬ 
cating  the  most  nearly  correct  decay  rate,  and  also  what  space  this  decay- 
rate  has  surveyed.  In  Building  No.  3  where  the  test  space  consisted  of  a 
large  area  at  one  end  and  a  narrow  corridor  at  the  other,  an  attempt  was 
made  to  minimize  such  problems  in  employment  of  this  method  by  placing 
the  sensing  devices  in  the  targe  area  near  the  outlet  and  initially  supplying 
only  the  air  in  this  area  with  the  tracer  gas.  However,  regardless  of  the 
size  ond  configuration  of  the  test  space,  the  tracer  gas  decay  method  become! 
unreliable  when  the  air  change  rate  exceeds  3  changes  per  hour.  This  lieiit 
was  exceeded  In  some  tests,  especially  in  Building  No.  3,  wherein  other 
methods  have  proved  their  value. 

B.  WESTINGHOUSE  ELECTRONEGATIVE  GAS  DETECTOR 
I .  General  Information: 

This  instrument  also  employs  tracer  gas  decay  principles  and  therefore  paoesiel 
advantages  and  disadvantages  associated  with  this  technique.  The  instrument 
is  a  portable  leak  detector  developed  by  Westlnghouse  Research  Laboratories 
for  measuring  small  or  troce  quantities  of  electronegative  gases,  such  as 
sulphur  hexafluoride,  SFg.  Although  the  Instrument  was  developed  to  Ieoh- 
test  enclosures  for  SF^-fllled  distribution  apparatus,  it  is  sensitive  to  many 
other  gases  and  vapors,  including  common  refrigerants  and  organic  solvents. 
This  instrument  permits  the  ohsolute  measurement  of  SF^  in  concentrations  as 
small  os  I  port  per  million  of  SF^  in  air,  ond  con  detect  quantities  as  small  as 


-  ii  V 

7  " 

t 

■  1 


I 


28 


one  tenth  port  per  million  of  SF^  in  oir.  Since  the  principle  of  operation 
depends  on  fundamental  properties  of  the  gases,  its  calibration  and  sensi¬ 
tivity  are  stable  characteristics.  Special  techniques  con  be  used  to  extend 
the  range  for  SF^  down  to  0.1  ppm  measurement  and  0.02  ppm  detection. 

This  instrument  recovers  rapidly  .from  excessive  concentrations  of  the  detected 
gat. 

The  Westinghouse  Electronegative  Gas  Detector  may  be  used  to  find  leaks  of 
$F^  or  of  other  electronegative  gaser  by  the  search  method,  to  measure  the 
total  leak  rate  of  a  device  with  the  aid  of  an  external  enclosure,  or  to 
measure  trace  or  substantial  quantities  of  the  gas  in  a  given  test  space.  As 
used  to  detect  SF^,  the  instrument  operates  on  a  principle  which  makes  use 
of  the  difference  in  mobility  of  SF$  and  ©2  ions,  and  of  the  large  electron 
attachment  coefficient  of  SF^  compared  to  O2,  to  distinguish  between  SF$ 
and  oxygen  in  the  test  space  air.  Air  from  the  test  space  is  drawn  in  through 
the  sensing  device  by  a  pump,  passed  through  o  dust  filter  and  a  humldlstat, 
and  passed  on  tp  the  hood,  where  an  electrical  signal  is  developed  of  which 
the  a-c  component  hoi  a  phase  dependent  on  the  concentration  of  SF^  in  the 
test  space  oir.  The  o-c  signal  Is  amplified,  rectified  in  a  phase-sensitive 
detector  and  the  resulting  d-c  output  indicated  by  0  meter  calibrated  in  ppm 
SF^  in  air.  In  addition  to  the  indicator  reading,  o  flashing  light  In  the 
sensing  device  and  a  pulsed  oudio  tone  help  to  monitor  the  measured  con¬ 
centration.  The  repetition  rate  of  the  light  and  tone  pubes  is  proportional 
to  the  Indicator  deflection,  varying  from  one  pulse  per  second  ot  left  scale  to 


10  pulses  per  second  of  right  scale.  The  pulse  rate  goes  to  zero  for  a 
reverse,  off-scole  indication.  These  audio  and  visual  monitors  permit 
leak  searching  without  continual  reference  to  hw,  indicator* 

The  relative  detectability  of  various  refrigerants,  as  compared  to  SF^,  it 
shown  in  Table  2.  In  applications  where  it  is  possible  to  use  a  non -electro¬ 
negative  gas  such  as  Nj  for  the  background  gas  instead  of  air,  increases  in 
sensitivity  as  high  as  1000-fold  may  be  achieved. 


Table  2 

RELATIVE  DETECTABILITY  OF  VARIOUS  REFRIGERANTS 


GAS 

CONCENTRATION  (IN  PPM)  TO 
GIVE  INDICATION  OF  1  PPM  Sf. 

Refrigerant  12*  (CCLjFj) 

30 

Refrigerant  13  (CCIF3) 

700 

Refrigerant  14  (CF^) 

5,000 

Refrigerant  C  318  (C^Fg) 

0,8 

Refrigerant  22  (CH  CLFj) 

70 

Refrigerant  23  (C^Fj) 

60 

Refrigerant  116  (CF^jCFj) 

1,000 

Sulphur  Hexafluoride  (SFg) 

1 

•Freon  12  (F-12)  was  the  refrigerant  used  in  this  research  project. 


2.  Operational  procedure: 

The  Wwtinghouse  Electronegative  Gcs  Detector  i*  ptoced  in  the  test  space 
and  turned  on.  A  suitable  range  is  selected  from  those  passible  which  are 
2,  5,  10,  20,  50,  and  100.  Each  rwnfeer  indicates  the  number  of  parts  per 
million  of  sulphur  hexafluoride  (SF^)  that  the  instrument  will  detect.  Be* 
cause  SF^  was  unavailable  at  the  time  of  testing.  Freon  12  was  used.  The 
scale  number,  therefore,  had  to  be  multiplied  by  30.  Thus,  in  using  the 
20  scale,  6600  parts  per  million  of  Freon  12  was  Introduced  into  the  test  tpoce 

The  instrument  has  an  automatic  zeroing  mechanism  and  will  zero  itself  be* 
fore  tracer  gas  is  added  to  the  test  space.  The  tracer  Is  then  added  and  the 
concentration  can  be  read  directly  on  the  Indicator. 

The  initial  charge  of  gas.  Freon  or  SF^,  which  Is  added  to  the  test  space  air 
will  settle,  since  the  gas  Is  very  heavy,  unleu  the  gas  It  thoroughly  mixed 
with  the  air  In  the  test  space.  This  is  done  by  using  several  desk  type  font 
for  homogenizing  the  air  throughout  the  test  space.  This  should  be  done  very 
corefully. 

Since  the  instrument  is  self-zeroing,  ••  is  neeeucry  to  hove  a  supply  of 
tracer-free  air  at  test  spoce  temperature  available  at  all  times  during  the 
let,  so  that  a  continuous  zero  con  be  maintained,  and  the  possibility  of 
drift  of  the  instrument  eliminated. 


C.  MINE  SAFETY,  APPLIANCES  ANALYZER 
The  use  of  carbon  dioxide  os  o  tracer  gas  with  on  MSA  Lira  infrared 
Analyzer  has  been  considered.  The  instrument  appears  to  be  adequately 
sensitive.  However,  the  background  concentration  of  COj  is  a  variable, 
and  a  second  instrument  would  be  required  to  monitor  the  background  con¬ 
centration  at  the  same  time  that  observations  were  being  mode  in  the  test 
space. 

0.  GE  TYPE  H-1  LEAK  DETECTOR 

Freon  12  has  been  used  in  other  experiments  as  a  tracer  while  using  a  GE 
Type  H-1  Leak  Detector  to  sense  the  presence  of  the  Freon.  Several  pro¬ 
blems  exist.  The  instrument  is  not  supplied  with  a  concentration  calibration, 
presumably  because  the  Instrument  is  not  stable  in  this  respect.  It  is  quite 
sensitive,  but  the  life  of  the  sensing  device  is  rather  short  when  continuous 
duty  is  considered.  Intermittent  duty  of  several  hours  on  and  several  hours 
off  is  recommended  by  the  manufacturer.  This  instrument  is  not  normally 
equipped  with  a  recorder,  although  this  should  not  be  o  major  problem  If 
the  calibration  could  be  stabilized. 

Table  3  contains  pertinent  summary  data  for  comparison  of  various  tracer 
gat  detectors. 


*tofal»  to  calibrate.  Eerily  contaminated.  Uf*  -  1000  hn.  continuous  duty 


2.  ALTERNATE  TRACER  GAS  TECHNIQUES 
The  "decoy"  method  for  determining  oir  chonge  rotes  uses  o  slug  of  tracer  gas 
to  build  up  an  initial  concentration  which  can  be  monitored  periodically  as  it 
decays  under  the  action  of  air  flow.  The  monitoring  must  be  done  manually 
ond  the  observations  plotted  to  obtain,  an  average  value  of  the  air  change 
rate  during  the  period  of  observation. 

Alternate  methods  of  use  could  reduce  the  work  involved-and  possibly  yirld 
a  continuous  record  of  air  change  rates.  One  method  would  be  to  add  the 
tracer  gas  at  a  fixed  rote  and  continuously  record  the  concentration  within 
the  test  space.  Under  this  method  the  concentration  of  the  gas  would  rise 
and  fall  under  the  influence  ©f  the  air  flow  and  air  Infiltration.  With  limit 
controls  to  avoid  excessive  concentrations  this  method  should  work  satisfac¬ 
torily .  One  of  Its  disadvantage!  It  the  use  of  excessive  quantities  of  tracer 
gas. 

The  high  concentrations  ond  exeetslve  use  of  tracer  gas  can  be  avoided  by 
controlling  the  rate  at  which  the  tracer  gas  It  added  to  the  test  space  to  main¬ 
tain  a  constant  minimum  concentration.  The  rate  ot  which  the  gas  Is  added  Is 
then  a  continuous  measure  of  the  oir  chonge  rote.  The  advantages  to  this 
approach  ore  that  a  minimum  concentration  ond  a  minimum  quantity  of  tracer 
gas  is  used,  ond  the  record  of  oir  change  rate  is  virtually  continuous.  This 
equipment  has  not  been  ossendsied  ond  its  octuol  performance  remains  to  be 


demonstrated. 


The  most  promising  combination  appears  to  be  the  Westinghouse  Electronega¬ 
tive  Gas  Detector  with  either  Freon  or  sulphur  hexafluoride  as  the  tracer  gas. 

3.  WATER  VAPOR  METHOD 

The  water  vapor  method  is  essentially  the  application  of  the  low  of  conser¬ 
vation  of  moss  to  the  test  space.  The  mass  to  be  considered  is  the  water  that 
is  added  to  the  test  space  as  vapor  in  the  simulation  of  latent  heat  addition* 
A  statement  of  this  law  is: 


♦ 


♦ 


If  the  surfaces  of  the  space  ore  conditioned  prior  to  testing  by  neons  of  o 
suitable  coating,  migration  into  the  surfaces  will  be  small  and  con  be  ne¬ 
glected  in  the  analysis. 

The  result  of  the  analysis  gives  the  following  equation  for  calculating  olr 
change  rate: 

N  -  0) 

<AM)V 

where  N  “Air  change  rote  (air  changes  per  how). 


Water  in  Leaving  Air 
(Ib/hour) _ 


Water  Migrating 
into  Surfaces  (Ib/hour) 


Water  in  Incoming  Air 
(Ib/hour)  _ 


Water  Added  as  Latent 
Heat  in  Space  (Ib/hour) 


W  «  Rate  of  wafer  addition  to  space  (pounds  per  hour) 


V  *  Average  specific  volume  of  dry  test  space  olr 
(cubic  feet  per  pound  of  dry  nit). 


V  =  Volume  (cubic  feet  per  air  change). 

AH-  Change  in  water  content  of  air  entering  and  leaving  the  space 
(pounds  of  water  vapor  per  pound  of  dry  air). 

Psychrometric  readings  ore  token  of  inlet  and  outlet  air.  A  Psychrometric 
Chart  is  used  to  determine  the  change  in  absolute  humidity  or  water  content 
of  the  air  as  it  passes  through  the  test  space.  The  average  specific  volume 
of  the  air  is  also  determined  from  the  chart.  Knowing  the  rate  of  water  oddi~ 
tion  and  the  volume  of  the  space,  Equation  (3)  is  used  to  determine  air  change 
rate. 

SAMPLE  CALCULATION: 

Inlet  Conditions 
d>  e  77.QF 
wfe  «  65. OF 
H  =  0,0105  Mb 

A  H  ■ 

V  « 

W  “ 

V  ° 

N  = 

The  role  of  ventilation  con  then  be  calculated  by  multiplication  of  V#  the 
volume  of  the  ipoce,  and  N,  the  number  of  oir  change*  per  hour. 


0.01825  -  0.01 05  “  0.00725  lb  of  water  vapor  per  &.  of  dry  oir 
1 4.0  cubic  feet  per  pound  of  dry  oir 
9.0  lb,  of  woter  added  per  hour 
6,000  cubic  feet  per  oir  change 


(9)(U) 

(0.00725)(6000) 


=>  2.7  oir  change*  per  hour 


Outlet  Condition* 
db  »  87.0F 
wb  -  77.5F 
H  -  0.01825  b/b 


DIRECT  VELOCITY  MEASUREMENTS  (ANEMOMETER) 

The  use  of  a  hoi  wire  anemometer  for  measuring  air  velocity  at  the  inlet 
and  outlet  of  the  test  space  was  also  used  as  a  method  c I  determining  ale 

♦  ».t  %  •  * 

change  rate. 

The  qnemometer  con  be  used  to  traverse  the  inlet  and  outlet  opening  and 

from  the  average  velocities  air  change  rates  can  be  computed.  However, 

♦ 

there  are  several  disadvantages  to  be  found  in  its  use.  These  are  as  follows: 
a.  The  anemometer  is  seldom  accurate  over  the  range  of  velocities 
likely  to  be  found  In  this  type  of  study, 
b*  Any  cross  flow  at  the  Inlet  and  outlet  will  not  be  detected. 

Flow  must  be  unidirectional  across  both  openings* 
c.  The  results  will  depend  largely  on  the  ability  of  the  research 
personnel  in  estimating  the  most  accurate  average  for  air 
velocities  through  the  Inlet  and  outlet. 

All  four  methods  of  measuring  air  change  rotes  which  hove  just  been' discussed 
were  utilised  in  this  research  project.  Metering  for  the  instrumentation  and 
equipment  was  generally  located  on  a  master  control  panel  hoard.  Front  and 
rear  views  of  the  control  panel  board  ore  illustrated  (Figures  13  and  14). 


CONTROL  PANEL  80 ARP  (PftON 


CONTROL  PANEL  BOARD  (REAR! 


CHAFFS  3 


TEST  BUILDING  NO.  1 


DESCRIPTION  OF  BUILDING  AND  TEST  SPACE 


For  the  first  series  of  tests,  on  8  story  concrete  and  masonry  dormitory 
(Figure  15)  selected  because  the  building  had  natural  "stacks"  which 
would  best  utilize  the  variation  of  air  density  as  the  driving  force  for  ohr 
movement.  The  air  could  rise  through  one  stair  tower,  cross  through  the 
building  near  to  fop,  move  down  tire  other  stair  tower,  and  return  to  the 
test  space.  Metal  windows  fit  well  and  permitted  an  average  amount  of 
infiltration  for  this  class  of  construction.  A  basement  space,  containing 
open  wood  rocks  (Figure  16)  for  trunk  storage  was  selected  for  the  test 
space..  The  approximate  dimensions  of  this  space  are  58  x  17  feet  with 
a  ceiling  height  of  10  feet.  The  area  is  approximately  1000  square  feet 
and  the  volume  very  close  to  10,000  cubic  feet.  The  total  volume  of 
the  dormitory  is  520,000  cubic  feet. 

The  basement  area  (Figure  17)  is  completely  below  grade.  The  ground 
floor  contains  lobby,  lounge  ond  office  space.  Upper  floors  contain 
typical  dormitory  rooms  (Figure  (8)  along  the  outside  with  a  corridor 
running  along  both  sides  of  an  interior  service  core.  The  building  was 
continually  occupied  and,  therefore,  oil  mechanical  ventilation  systems 
remained  in  opeiation. 


auButmamamMunm 
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|  In  the  test  space  the  wood  rocks  are  built  up  to  the  ten  foot  high'celllng 

!  throughout.  The  empty  racks  were  relocated  to  moke  space  for  the  test 

equipments  Temporary  partitions  were  constructed,  as  shown  (Figure  21).  In¬ 
let  and  outlet  doors  (Figures  19  and  20)  hod  1x2  inch  mesh  screen  over  them, 
providing  open  areas  of  15.2  and  14.5  sq.  ft.  respectively,  including  the 
periphery  door  cracks.  Fire  doors  provided  entry  into  the  stair  towers.  For 
the  initial  tests,  all  doors  except  the  ones  giving  entry  to  the  stair  towers  at 
the  bottom  and  at  the  top  were  closed.  Fire  doors  at  those  locations  were 
opened  os  needed  for  the  test  being  conducted.  Locations  of  instruments  and 
equipment  are  shown  on  o  plan  of  the  test  space  (Figure  21).  Longitudinal 
and  transverse  sections  show  relative  location  of  test  space  within  the  build* 
ing  (Figures  22  ond  23).  Doors  labeled  C,  D,  E  and  F  (Figure  17)  were 
closed  so  that  a  minimum  of  unmeasured  circulating  air  was  drown  from  the 
elevator  shaft  ond  tunnel. 

This  building  has  mony  mechanical  ventilating  devices  which  influence  the 
effective  oir  reservoir.  These  Include  toilet  exhoust  systems,  laundry  driers, 
ond  unit  ventilators  at  eoch  floor  level.  The  pumping  action  of  the  elevators 
also  affect*  air  circulation.  Since  the  building  was  continuously  occupied, 
it  was  not  possible  to  close  down  ony  of  the  mechanical  systems.  At  first 
glance,  the  presence  of  the  operating  mechanical  systems  might  appear  to 
nullify  the  test  results.  However,  it  is  entirely  conceivable  that  In  a  real 
emergency  electric  power  could  be  available,  ond  equipment  which  depends 
on  thot  power  could  continue  to  operate.  Therefore,  -this  set  of  circumstances 
mutt  certainly  be  considered  os  one  possible  situation. 
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GENERAL  PROCEDURE 

The  tests  conducted  In  this  building  served  three  purposes:  first,  they  pro¬ 
vided  dote  for  the  modification  ond  improvement  of  test-  procedures  m+- 
equipment;  second,  they  uncovered  problems  in  testing  that  could  be  ex¬ 
pected  in  all  the  following  buildings;  ond  third,  they  gave  o  "feel"  for 
the  problem  to  be  studied. 

*  . 

Most  of  the  time  spent  in  this  occupied  dormitory  building  was  oed  to 
modify  or  correct  the  test  equipment  or  test  procedures.  This  Involved  the 
calibration  of  the  power  meters,  repair  of  the  recording  potentiometers  and 
perfection  of  a  humidity  input  measurement  system.  All  systems  were  per¬ 
forming  properly  at  the  some  time  during  only  a  few  days  of  this  entire  test 

e 

period. 

The  obstacles  encountered  tn  testing  in  any  large  building  are  greatly 
multiplied  when  the  building  must  function  in  o  normal  manner.  Some  of 
these  obstacles  were:  (1)  the  windows  were  opened  at  random  throughout 
the  building,  (2)  the  mechanical  ventilation  system  ran  continuously,  and 
(3)  the  elevators  ond  doors  were  used  at  frequent  intervals.  Therefore,  It 
was  decided  that  alt  future  test  work,  insofor  as  possible,  would  be  con¬ 
ducted  in  buildings  that  were  unoccupied  during  the  periods  of  observation. 

The  third  ond  perhaps  the  most  important  purpose  of  this  first  series  of  tests 
was  to  obtain  o  'feel"  for  the  problem.  At  first,  the  latent  heat  of  the 
simulated  occupants  was  supplied  in  only  a  token  amount  ond  the  air  change 
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tracer  sensing  device 
lamp  bank 
humidifier  barrel 
automatic  psychrometer 
control  panel  stations 


rate  In  Hie  space  was  measured  with  Hie  Portable  Infiltration  Meter  using 
helium  as  the  tracer  gas.  The  instrument  worked  well  with  low  air  flows 
and  tow  humidities,  provided  the  temperatures  in  the  test  space  did  not 
fluctuate.  However,  upon  introduction  of  higher  humidities,  the  opera* 
Hon  of  the  Portable  Infiltration  Meter  became  unreliable. 

Four  tests  were  conducted  In  Hus  building.  During  the  flat  three  tests, 
guards  were  employed  to  keep  the  students  from  using  the  ground  floor 
exits  from  the  stair  towers.  This  helped  to  stabilize  conditions  in  the 
test  space  more  rapidly.  The  first  three  test  situations  were  conducted 
with  tow  humidity  Input. 

TEST  RESULTS 

When  air  flows  or  is  infiltrated  into  a  test  spoee  ot  o  steady  rat*,  the 
tracer  gas  concentration  decreases  along  o  logarithmic  curve  as  indicated 
by  Equation  (2).  When  plotted  on  cmi-togoriihmic  paper,  the  decay  curve 
must  be  o  straight  tins.  When  the  oir  flows  through  the  space  In  o  positive 
direction,  sensing  devices  stationed  ot  different  location*  In  the  test  space 
indicate  different  oir  change  rates. 

Near  the  Inlet  (F!  „ure  2!)  a  higher  air  change  rate  was  indicated  than  near 
the  outlet.  Since  the  air  moving  through  the  space  terries  some  helium  with 
it,  decoy  would  not  be  os  rapid  near  the  outlet.  Decoy  curvet  A  and  S 
(Figure  9)  were  obtained  during  o  typical  test.  Curve  A  is  the  plot  of  oir 
change  rote  obtained  from  a  sensing  device  near  the  inlet  white  curve  t  Is 


*ho*  from  o  sensing  device  near  the  outlet.  The  indicated  difference  in  air 
change  rote  is  Caused  by  the  movement  of  helium -laden  air  from  the  inlet 
to  the  outlet,  the  apparent  rate  of  change  near  the  outlet  being  smaller. 

The  application  of  Equation  (2)  results  in  an  air  change  rote  near  the  In¬ 
let  greater  than  that  near  the  outlet.  At  alt  times  during  the  simulated 
occupancy  of  the  test  space,  the  direction  of  oir  movement  was  from  north¬ 
east  to  southwest,  or  from  G  to  B  (Figure  21)  as  anticipated  on  the  bosh  of 
relative  location  of  test  space  and  stair  towers,  and  exposure  of  the  south¬ 
west  stair  tower  to  solar  radiation. 

Test  f  1  (Figure  24)  required  that  the  stair  tower  doors  on  the  7th  or  tap 
occupied  floor  of  the  building  and  the  inlet  and  outlet  doors  of  the  base- 
men*  test  space  be  open.  Alt  other  doors  In  the  basement  were  to  he  closed 
but  ret  sealed.  The  oir  change  rate  developed  was  between  3  and  5  oir 
changes  per  hour  with  the  space  temperature  stabilised  at  82  ?.  Occupancy 
erne  simulated  on  the  basis  of  10  sq.  ft.  of  floor  area  per  person.  These  con- 
dlttons  appear  to  provide  goad  shelter  occupancy,  but  it  should  be  remerdsened 
that  the  mechanical  ventilation  system  was  functioning  at  all  times.  Also, 
fmh  air  was  admitted  through  doors  used  by  students  entering  and  Waving 
the  building  am)  through  open  windows  in  do  nitory  rooms. 


BUILDING  NO#  1 
TEST  NO.  1 

4/5/62  (0000)  -  4/6/62  (1400) 


100  OCCUPANTS  -  10  SQ.  FT  PERSON 


! S9 


SUN  DECK 


m 


outlet  (14.5  *q.  ft.)j 

!  inlet  (15.2  sq.  ft.) 

1 _ 

— l 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(based  on  full  moilture  lood) 

oir  temperature 

48  -56f 

ove.  outlet  (3*  ht.)  * 

relative  humidity 

48  -  96% 

wind 

SW  7  mph 

ove.  outlet  <5*  ht.)  * 

comment* 

cloudy 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door) 

71  .OF 

helium  method 

ove.  outlet  (entire  door) 

83. OF 

cfm/perioA  5  to  8 

ove .  room  (5 1  ht .) 

82  .OF 

air  changes /hour  3  to  5 

WET  BULB  TEMPERATURE 
(baied  on  full  moilture  lood) 

COMMENTS 

Approx .  2  Ib/hr  moisture  input 

3'  ht .  ove.  inlet 

« 

(token  lood). 

ove .  outlet 

* 

Humidity  input  measurement 

5'  ht.  ove.  inlet 

• 

inoccurote. 

ove .  outlet 

* 

«  Wet  bulb  and  effective  temperature* 

too  inoccurote  to  record. 

Figure  24 

Test  #2  (Figure  25)  wos  run  with  the  test  space,  inlet  and  outlet  open  but  all 
doors  above  basement  level  closed.  However,  occupants  of  the  building 
continued  to  use  the  upper  floor  doors  in  their  normal  activities.  The  only 
incoming  air  to  the  test  space  was  supplied  by  leakage  through  the  cracks 
wound  the  stair  tower  doors.  As  might  be  expected,  the  air  change  rate 
dropped  to  between  3  and  4  changes  per  hour  with  an  average  temperature 
in  the  test  space  of  83  F, 

Test  *3  (Figure  26)  wos  used  to  determine  the  influence  of  tunnel  and  other 
extraneous  infiltration,  since  there  were  underground  tunnels  connecting 
the  buildings  of  the  dormitory  group.  All  doors  above  basement  level  were 
closed  as  wos  the  northeast  stair  tower  door  at  basement  level.  Another 
door  in  the  basement  connecting  the  tunnel  with  a  trank  room  adjacent  to 
the  test  space.  Door  F  (Figure  17),  had  o  bottom  louvered  panel.  This  door 
wos  closed  but  the  two  louvers,  grots  13  x  17  inches  each,  remained  open  at 
all  times..  The  air  change  rate  under  this  condition  dropped  to  between  2 
and  3  air  changes  per  hour. 

Test  ^4  (Figure  27)  wos  conducted  to  determine  if  o  horizontal  circulation 
loop  could  be  set  up  in  the  basement  while  the  mechanical  ventilation 
continued  to  operate  in  the  basement  and  white  oir  flowed  through  the 
tunnel.  The  horizontal  circulation  I  oof  '.on  best  be  described  with  re¬ 
ference  to  the  basement  plan  (Figure  17).  Air  flow  occured  on  a  counter 
clockwise  manner  from  the  test  space  through  doors  8,  C,  D,  F  and  bock 
to  the  test  space  through  inlet  door  G.  Access  to  stair  towers  at  basement 


level  was  closed  off  ond  oil  other  doors  in  the  basement  were  closed  except 
those  four  which  were  necessary  to  form  the  circulation  loop.  A  rote  of 
approximately  3  air  changes  per  hour  was  obtained.  It  was  possible,  how¬ 
ever,  that  most  of  the  indicated  change  was  caused  by  recirculation  of 
test  space  air  with  only  a  small  percentage  of  fresh  infiltration  air  included, 
further  tests  are  needed  to  clarify  this  situation. 

For  this  test  a  realistic  ratio  of  latent  to  sensible  heat  was  supplied  to  the 
test  space.  This  was  the  only  test  to  dote  in  which  that  ratio  was  held  closely, 
ond  with  due  regard  to  an  actual  situation.  Previous  tests  used  only  token 
moisture  loads  to- prevent  damage  to  the  building  on  upper  floors.  Under  this 
condition  of  high  humidity,  the  oir  change  rate  could  not  be  determined  with 
the  Portable  Infiltration  Meter.  Therefore,  air  change  rote  was  approximated 
by  using  the  known  amount  of  evaporated  woter  ond  the  Increase  of  humidity 
in  the  test  spoce. 

A  summary  of  the  pertinent  data  collected  during  the  tests  in  Building  No.  1 
is  presented  in  Table  4.  The  various  air  flow  circuit  configurations  are  also 
presented  (Figure  28).  The  problems  encountered  in  attempting  to  establish 
equilibrium  through  controlling  the  movements  of  the  building  occupants 
were  considerable.  Therefore,  It  was  decided  to  move  next  Into  a  building 
where  conditions  could  be  controlled  with  relotlve  ease. 


BUILDING  NO.  I 
TEST  NO.  2 


4/6/62  (1400}  -  4/6/62  (2300) 


outlet  (14,5  *q.  ft.)  Inlet  (15.2  tq.  ft.) 


OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(bated  on  full  moltture  load) 

olr  temperature 

49  -  52F 

ave .  outlet  (3*  ht ,) 

relative  humidity 

90-96% 

• 

wind 

SSW  2-4  mph 

ave.  outlet  (5*  ht.) 

♦ 

comment* 

rain 

DRV  BUU  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  Mlet  (entire  door) 

76  .OF 

helium  method 

ove.  outlet  (entire  door) 

82  .OF 

cfm/perton 

6  to  8 

ove.  room  (5*  hi.) 

83. OF 

olr  changet/hour 

4  to  5 

WET  BULB  TEMPERATURE 
(bated  on  full  moitture  load) 

COMMENTS 

Approx.  2  Ib/hr  moltture  Input 

3‘  to,  ove.  inlet 

* 

(token  load) 

ave .  outlet 

« 

Humidity  Input  meaturement 

5*  to.  ove.  Inlet 

• 

Inaccurate . 

ove .  outlet 

# 

•  Wet  bulb  and  effective  tempefoturee 

too  inoccurote  to  record 

e 

Figure  25 


BUILDING  NO.  1 
TEST  NO.  3 

4/9/62  (0800)  -  4/9/62  (2000) 


•SW 


100  OCCUPANTS  -  K>  SQ.  FT  ./PERSON 


NE- 


n 

1  ! 

i  « 

9  SUN  DECK  1  .  | 

outlet  (14.5  sq.  ft.)|_ 

inlet  (15.2  sq. 

f».) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 

air  temperature 

45  -  50F 

(based  on  full  moisture  load) 

relative  humidity 

49-96% 

ove .  outlet  (3‘  ht .)  • 

wind 

SSW  2-5  mph 

ave .  outlet  (5*  ht .)  * 

comment* 

cloudy  to  rain 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door) 

73  .OF 

helium  method 

ove.  outlet  (entire  door) 

83.0F 

cfm/perion  3  to  4 

ave,  room  (5'ht.) 

82  .OF 

oir  changes/hour  2  to  2 .5 

WET  BULB  TEMPERATURE 

COMMENTS 

(baud  on  full  moisture  lood) 

3'  ht.  ove.  Inlet 

♦ 

Approx.  2  IbAr  moisture  input 
(token  toad) 

ave.  outlet 

Humidity  Input  measurement 

5*  ht.  ove.  inlet 

• 

inaccurate. 

ove.  outlet' 

• 

•  Wet  bulb  ond  effective  temperature* 

too  inaccurate  to  record. 

Figure  26 


BUILDING  NO.  I 
TEST  NO.  4 

5/4/62  (0900)  -  5/6/62  (0800) 

100  OCCUPANTS  -  10  SQ.  FT./PERSON 


I 

_ 1 _ 

□ 

L_? 

1  SUN  DECK  | 

counterc 
1  ho'iwntol  f 


SDH 


outlet  (14.5  sq.  ft.)*^  inlet  (15.2  iq.  ft.) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 

air  temperature 

55  -  82F 

{based  on  full  moisture  load) 

relative  humidity 

13-40% 

ove.  outlet  (3*  ht.)  80. Of 

wind 

W  8-15  rnph 

comment* 

clear,  wattf 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door) 

70.0F 

woier  vapor  method 

ove.  outlet  (entire  door) 

84  .Of 

efm/pertoa  4.0  to  5.5 

ove.  room  (S'ht.) 

83.0F 

oil  change  labour  2.5  to  3  .5 

WET  BULB  TEMPERATURE 

COMMENTS 

(bated  on  full  moisture  load) 

3*  hi .  ove .  inlet 

62 .5f 

High  moisture  Input , 

No  method  used  to  determine  fresh 

ove.  outlet 

77.5f 

olr  infiltrated  to  circuiting  olr. 

utiet  * — ‘  inlet 


W*  <vT  miCf 


TEST  NO.  I 

Stair  tower  door*  open  on  eighth  story. 

Other  doors  and  elevators  in  frequent  m*. 

Windows  open  at  random. 

Mechanical  ventilation  system  operating* 

Vol.  ratio  —  test  space  to  circulation  spoce  =  0.15 
fnfetopenrhg  T5»?sq.  ft. 

Outlet  opening  14.5  sq.  ft. 


TEST  NO.  2 

Doors  and  elevators  in  frequent  use. 

Windows  open  at  random. 

Mechanical  ventilation  system  operating. 

Vol.  ratio  —  test  space  to  circulation  space  -  0.20 
Inlet  opening  15.2  sq.  ft. 

Outlet  opening  14.5  sq.  14. 


TEST  NO.  3 

NE  stair  tower  door  closed  at  basement  level. 

Doors  and  elevators  in  frequent  use. 

Windows  opsn  at  random. 

Mechanical  venti  lotion  system  operating. 

Vol.  ratio  —  test  space  to  circulation  spoce  *  0.25 
Inlet  opening  15.2  sq.ft. 

Outlet  opening  14 sq.  ft. 


s 


TEST  NO.  4 

Access  to  stair  towers  at  basement  level  closed. 
Horizontal  circulation  loop  formed  by  opening 
of  other  basement  do os's,  (doors  C,  0#  C,  and  f 
In  figure  17) 

Mechanical  ventilation  system  operating. 

Vol.  ratio  —  test  spoce  to  circulation  space  “  0.30 
Inlet  opening  15.2  sq.  ft. 

Outlet  opening  14.5  sq.  ft. 


COMPARISON  Of  AIR  flOW  CIRCUIT  CONFIGURATIONS  —  BUILDING  NO.  I 


Table  4 


TEST  SUMMARY  BUIIDING  NO.  1 


TEST  NO. 

1 

2 

3 

4 

Duration  of  test 

38  hrs. 

9  Ns. 

12  hrs. 

47  hrs. 

Simulated  occupancy 

ICO 

100 

100 

100 

Floor  area  per  person 

10  sq.  ft. 

10  sq.  ft. 

10  sq.  ft. 

TOsq.  ft. 

Outride  conditions 

air  temperature 

48-56F 

49-52F 

45-50F 

55-82F 

relative  humidity 

48-96% 

90-96% 

49-96% 

13-40% 

wind  direction 

SW 

SSW 

SSW 

W 

wind  speed 

7  mph 

2-4  mph 

2-5  mph 

8-15  mph 

comments 

cloudy 

rain 

cloudy  to 
rain 

clear, 

sunny 

Dry  bulb  temperature 

ave.  inlet 

71  .OF 

76.0F 

73.  OF 

70.0F 

ave.  outlet 

83.0F 

82.0F 

83. OF 

84.0F 

ave.  roam 

82.0F 

83.0F 

82.0F 

83.GF 

Wet  bulb  temperature 

ove.  inlet  (3*) 

• 

• 

* 

62.5F 

ave.  outlet  (3’) 

* 

77.5F 

ove.  inlet  (5') 

" '  e" ' 

« 

* 

+ 

ave.  outlet  (5’) 

♦ 

* 

♦ 

np“ 

r'T 

Effective  temperature 

ove ,  inlet  (3*) 

• 

• 

• 

80.0F 

ove.  outlet  (5‘) 

„„  ^r, 

* 

— 

♦ 

Air  flaw 

cfm/person 

5*to  8 

6to8 

3  to  4 

4*0  to  5*5 

air  chonge/hoor 

3  to  5 

4  to  S 

2  to  2.5 

2.5  to  3.5 

Comments 

Token  mols- 

Token  mois- 

Token  mois- 

High  moisture 

tvr«  lood. 

tore  toad. 

htr*  load. 

lood. 

•Measurement 

unreliable. 

*  Measurement 
unreliable. 

•Measurement 

unreliable. 

♦Not  recorded. 

Portable  Infiltration  Meter  used  for  determining  oir  change  rotes  with  helium  tracer 

gas  except  In  Test  *4  where  the  water  vapor  method  wo 

applied. 

CHAPTER  4 


TEST  BUILDING  NO.  2 

DESCRIPTION  OF  BUILDING  AND  TEST  SPACE 
This  Is  essentially  a  three  story  classroom-laboratory -shop  building  with 
full  basement  and  partial  sub-basement.  Construction  is  concrete  frame 
and  floor  slabs  with  metal  cuttaln  wall  exterior.  The  metal  panels  fit 
tightly  so  that  leakage  is  a  minimum.  The  ends  of  the  building  and  the 
front  wall  of  the  basement  level  are  faced  with  local  stone.  Metal 
windows  fit  tightly  and  permit  less  than  average  infiltration.  A  photo** 
graph  of  the  rear  of  the  building  is  shown  (Figure  29). 

The  test  space,  located  in  the  sub-basement  in  the  general  position  of  the 
concrete  ramp  figure  29)  has  o  net  floor  area  of  approximately  1.600 
square  feet  and  a  volume  cf  npproximattly  16.000  cubic  feet.  The  ratio 
of  test  space  volume  to  totol  circulation  space  volume  Is  approximately 
I  to  5.  A  large  plywood  surfaced  wind  tunnel,  accounting  far  an  additional 
4.320  cubic  feet  was  completely  sealed  off  from  the  test  space. 

The  test  space  itself  was  scaled  off  by  taping,  except  for  doors  where  air 
was  expected  to  enter  and  exit  the  space.  Air  entered  through  a  door 
opening  of  20.4  sq.  ft.  and  exited  either  through  a  screened  door  providing 
14.5  sq,  ft.  of  opening,  or  through  o  long  horirontol  slit  in  the  upper  por¬ 
tion  of  a  partition  wall  with  an  opening  oreo  of  68.8  sq.  ft.  maximum,  de¬ 
pending  cn  the  particular  test  involved. 


gXTERiQR  VIEW  —  BUILDING  NO 


The  space  adjacent  to  the  test  space  also  hod  sealing  tape  applied  to  door 
cracks  and  to  cracks  oround  pipes  so  thot  outside  air  would  not  affect  the 
air  flow  circuit.  A  floor  plan  of  the  test  space  (Figure  30)  shows  location 
of  instruments  and  equipment,  end  the  closed  off  wind  tunnel* 

The  basement  above  the  sub-basement  test  space  (Figure  31}  served  as  a  cir¬ 
culation  space  and  was  completely  seoled  off  from  external  disturbances  ex¬ 
cept  for  one  door  and  a  grille  in  the  floor.  All  pipe  entrance  cracks  ware 
sealed  with  tape.  The  only  passible  disturbance  of  any  magnitude  from  out¬ 
side  the  air  flow  circuit  would  have  come  from  o  row  of  seventeen  hopper- 
type  windows,  each  about  3  feet  by  4  feet,  located  about  eight  feet  above 
floor  level.  Those  windows  were  always  closed  but  were  not  seoled  with  tape. 

Two  interior  walls  in  the  circulation  space  are  concrete  block  with  occupied 
rooms  adjoining.  One  exterior  wall  is  solid  concrete  with  a  roofed  space  on 
the  outer  tide  protected  from  the  weather  but  not  heated.  The  other  exterior 
wall  containing  the  high  windows  is  concrete  block  with  stone  facing. 

Sections  through  the  test  space  ond  circulation  space  are  thown  (Figures  32 
end  33).  Stotrwoy  A  connects  basement  circulation  space  and  sub  “basement 
test  space  only,  but  stairway  B  end  the  elevator  shaft  extend  from  the  sub- 
basement  level  to  the  top  story  of  the  building.  General  paths  of  air  flaw 
ore  indicated  on  these  section  drawings.  An  interior  view  of  the  test  space 
i>  olio  shown  (Figure  34). 
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SECTION  B-B  -  BUILDING  NO.  2 
Scale;  1/16M  *  l'-O" 


Figure  33 


INTERIOR  VIEW  OF  TEST  SPACE 


GENERAL  PROCEDURE 


The  principle  objective  of  the  tests  conducted  in  this  building  was  to  study 
the  nature  and  magnitude  of  gravity  oir  flow  in  a  tow  building*  Foe  this 
reason,  air  flow  paths  were  confined  to  the  two  stories  consisting  of  basement 
and  sub-basement.  Air  change  rates  were  determined  by  the  water  vapor 
method,  and  with  the  Portable  Infiltration  Meter  using  helium  as  a  tracer 
gas.  However,  malfunctioning  of  equipment  under  continuous  use  in  high 
temperature  and  humidity  conditions  sometimes  produced  misleading  data 
on  the  Portable  Infiltration  Meter  indicator. 

In  general,  the  following  procedure,  proposed  as  a  result  of  testing  in 
Building  No.  1,  was  to  be  used  in  all  succeeding  tests  in  Building  No.  2 
and  Building  No.  3t 

1.  The  terminal  equilibrium  air  conditions  are  estimated.  This  estimate 
does  not  have  to  be  extremly  accurate  slrxe  adjustments  can  be  made 
later  if  the  estimation  proves  to  be  incorrect.  With  on  estimated  dry 
bulb  temperature  and  humidity  the  sensible  heat  load  per  occupant 

is  selected  from  Table  I.  The  occupancy  is  determined  at  I  person 
per  10  square  feet  of  floor  area.  With  these  two  figures  known, 
the  total  sensible  heat  input  can  be  computed. 

2.  Heat  is  supplied  at  the  computed  rote  plus  sufficient  heat  to  evaporate 
5  lbs.  of  water  per  hour.  This  is  a  token  latent  toad  to  provide  water 
vapor  balance. 


! 

The  acturcl  temperatures  are  observed  and  the  air  change  rate  is  ob¬ 
tained  by  use  of  the  Portable  Infiltration  Meter  utilizing  a  helium 
tracer,  the  water  vapor  balance,  or  any  other  suitable-  method. 

From  the  known  inlet  air  conditions  and  the  sensible  and  latent  heat- 
loads  of  Table  t ,  the  terminal  or  outlet  temperature  and  humidity  can 
be  calculated. 

5.  The  outlet  effective  temperature  can  be  determined  (Figure  7). 

6.  If  the  outlet  effective  temperature  exceeds  85  F,  a  value  arrived  at 
in  previous  studies  dealing  with  tolerable  shelter  limits  (Reference  7), 
the  air  change  rate  will  be  judged  to  be  insufficient  to  support  tha 
number  of  occupants  assumed  In- Step  1  above. 

Readings  were  made  from  the  time  heat  and  water  vapor  were  introduced  into 
the  test  space  in  order  to  approximate  the  actual  conditions  of  sudden  move- 
ment  of  people  into  a  shelter  with  normal  air  conditions.  However,  the 
rapid  Increase  in  dry  bulb  temperature  In  this  situation  indicated  very  quickly 
the  need  to  reduce  the  number  of  occuponts  simulated  in  this  particular  test 
space.  This  change  in  heat  input  was  made  a  few  hours  prior  to  the  first 
recorded  series  of  tests. 

The  specific  approach  to  the  habitability  of  the  test  space  was  as  follows} 

1.  Determine  the  usable  floor  area  In  the  test  space. 

2.  Use  approximately  10  sq.  ft.  per  person  for  occuponcy. 
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3.  Set  sensible  ioad  for  the  given  initial  temperatureof  the  test  space 
according  to  normal  heat  dissipation  level  from  Table  1. 

4.  Use  a  humidification  rate  of  5  tb.Ar.  total* 

5.  Observe  air  temperature  rise  in  test  space  and  cut  back  the  sensible 
load  accordingly* 

6.  If  the  calculated  effective  temperature  at  the  outlet  reached  85  F 
the  test  space  was  to  be  reduced  in  "occupancy. * 

7.  With  a  greater  sq.  ft.  area  per  person,  repeat  steps  3  to  6. 

8.  If  the  effective  temperature  is  still  too  high  increase  the  outlet  area 
by  removing  panels  along  the  top  of  the  partition  wall. 

TEST  RESULTS 

Test  *1  in  Building  No.  2  (Figure  35)  was  started  at  1:00  pm  on  June  9, 

1962  using  250  Btu/person  per  hour  sensible  head  load  and  a  token  latent 
load  of  5  lbs.  moisture  per  hour.  Approximately  150  occupants  were  being 
simulated  which  allowed  about  10  sq.  ft.  per  person.  The  screened  door 
provided  a  14.5  sq.  ft.  outlet  opening.  The  dry  bulb  temperature  in  the 
test  space  was  75.6  F, 

At  10:00  am  on  June  10,  the  sensible  load  was  again  reduced,  this  time 
to  150  Btu/person  per  hour  because  the  space  temperature  had  risen  to 
85.4  F.  Although  equilibrium  had  not  yet  been  established,  since  the  space 
temperature  was  still  rising  at  the  rate  of  0.07  degrees  FAr.,  space  con¬ 
ditions  were  then  calculated.  Average  room  temperature  was  above  average 
outlet  temperature,  indicating  that  there  was  "trapped”  air  not  mixing  in 


i 

■ 

the  oir -stream.  Indications  showed  that,  for  10  sq.  ft.  per  person  and  the  * 
outlet  area  restricted  to  one  open  door,  test  space  conditions  were  inadequate 
to  hold  to  on  effective  temperature  of  85  F.  However,  an  air  change  rate  an 
the  order  of  4.0  per  hour  was  determined  by  the  water  vapor  method.  ’ 

I  * 

In  Test  *2  figure  3d)  the  air  flow  circuit  remained  unchanged.  Occupancy 
was  reduced  to  approximately  100  people  or  15  sq.  ft.  per  person.  Air  tem- 
peratures  were  still  rising  at  the  time  readings  were  taken,  but  at  a  slower 
rate  than  in  Test  *1 . 

Because  the  average  space  temperature  was  above  the  outlet  temperature, 

I 

it  was  concluded  that  there  was  a  significant  amount  of  "trapped*  air  not 

t 

mixing  in  the  air  strewn  moving  through  the  area.  Effective  temperatures 
were  lower  and  the  air  flow  per  person  was  increased  in  this  second  test,  as 
compared  with  the  first. 

For  the  following  reosens,  Test  *2  was  terminated,  and  a  third  test  eras 
initiated: 

1 .  Time  for  testing  was  short* 

2.  Effective  temperature  was  still  rising. 

3.  Trapped  air  in  space  showed  improper  air  mixing. 
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BUILDING  NO.  2 
TEST. NO.  1 

6/9/62  (1300)  -  6/11/62  (1200) 

150  OCCUPANTS 


10  SQ»  FT.  /  PERSON- 


.mil  Mi 


inlet  (20.4  sq.  ft.) 

outlet  (14.5  sq 

.  ft.) 

1 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 

(based  on  full  moisture  load) 

air  temperature 

56  -80F 

relative  humidity 

65  -  90% 

ave.  outlet  (3'ht.) 

81 .5F 

wind 

$W  5  mph 

ove. outlet  (51  St.) 

83.0F 

comment! 

cloudy,  rain 

DRY  BULB  TEMPERATURE 

RATE  OF  A»  FLOW 

ave .  inlet  (entire  door) 

79. 3F 

cfm/penon 

ave .  outlet  (entire  door) 

83.3F 

helium 

1.9 

ave.  room  (5'  ht.) 

85. OF 

water  vopor 

6.7 

air  chonges/hour 

WET  BULB  TEMPERATURE 

helium 

1.1 

(based  on  lull  moisture  load) 

• 

woter  vopor  . 

4.0 

3*  ht.  ove.  inlet 

69. 5F 

COMMENTS 

ave.  outlet 

81. 5F 

5*  ht.  ave.  inlet 

70. OF 

Approx.  5  Ib/hr  moist 

e  input 

ave .  outlet 

82  .OF 

(token  lood). 

Equilibrium  Q£t  established. 

Figure  35 

BUILDING  NQ.  2. 

TEST  NO.  2 

6/12/62  (0800) -6/13/62  (0800) 

100  OCCUPANTS  -  15  SQ.  FT. /PERSON 


I  inlet  (20.4  sq.  ft.) 

outlet  ()4.5sq. 

ft.) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 

(based  on  Full  moisture  load) 

air  temperature 

55-61F 

relative  humidity 

95% 

ave .  outlet  (3*  ht .) 

wind 

ENE  3  mph 

ave.  outlet  (5'ht.) 

comments 

rain 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ave.  inlet  (entire  door) 

78.8F 

cfm/persoo 

ave.  outlet  (entire  door) 

62.8F 

helium 

ave ,  room  (5 '  ht .) 

84. 7F 

woter  vapor 

WET  BULB  TEMPERATURE 
(boied  on  full  moisture  load) 


helium 
water  vapor 


3*  ht.  ave.  inlet 

66 .5F 

COMMENTS 

ove.  outlet 

30. 5F 

5‘  ht.  ove.  inlet 

67.5F 

Approx .  5  Ib/hr  moisture  input 

ove .  outlet 

81  .OF 

(token  load). 

Equilibrium  not  established. 

Figure  36 


In  Test  *3  (Figure  37)  half  of  the  top  panels,  with  a  net  area  of  34.4  sq.  ftv 
have  been  removed  to  increase  the  size  of  the  outlet  area  and  also  to  promote 
an  increase  fn  otr  mixing.  The  removable  panels  fir  the  partition  wolf  tint 
illustrated  (Figure  33).  The  outlet  door  still  remained  open  to  provide  o 
total  opening  area  of  48.9  sq.  ft. 

With  the  same  occupancy  as  in  Test  *2,  this  test  condition  reached  equi¬ 
librium  at  temperatures  lower  than  the  selected  maximum.  With  the  air 
change  rate  and  space  temperatures  obtained,  it  It  believed  that  this  would 
be  a  habitable  condition  provided  the  infiltration  rate  of  fresh  air  It  suf-. 
flcient  to  maintain  a  tow  COj  level.  This  has  not  been  measured. 

The  reliability  of  the  dota  obtained  when  top  panels  are  removed  is  ques¬ 
tionable.  The  reason  for  the  unreliability  is  that  psychrometen  were 
placed  in  the  outlet  doorway  rather  thon  at  the  location  of  the  outlet 
panels.  Thus,  the  psychrometric  data  obtained  at  the  outlet  door  were  used 
to  obtain  the  specific  humidity  over  the  entire  outlet.  This  affects  the 
value  of  calculated  effective  temperatures.  The  actual  effective  tempera¬ 
tures  would  be  higher  than  the  calculated  values. 

In  Test  *4  (Figure  38)  alt  of  the  top  panels  were  removed  providing  a  total 
outlet  area  of  83.3  sq.  ft.  Occupancy  remoined  at  15  sq.  ft./person  and 
results  were  not  much  different  than  in  the  previous  test.  Again,  the  air 
change  rote  and  temperatures  obtained  appear  to  provide  a  habitable  con¬ 
dition  if  o  low  CO2  level  is  maintained. 


BUILDING  NO.  2 
TEST  NO.  3 

6/13/62  (0900)  -  6/15/62  (1000) 


100  OCCUPANTS  -  15  SQ.  FT. /PERSON 


-sw 


NL- 


OUTS1CE  CONDITIONS  EFFECTIVE  TEMPERATURE 


(bowd  on  full  moitKif*  lood) 


air  temperature 

56-61F 

relative  humidity 

84% 

ove.  outlet  (3*  ht.) 

74  .OF 

wind 

SW  2  mph 

ave.  outlet  (5'hi.) 

77  .Of 

comment* 

portly  cloudy 

DRV  eULB  TEMPERATURE  ' 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door) 

76. 7F 

cfm/perion 

ave.  outlet  (entire  door) 

85  .OF 

helium 

6.S 

one.  room  (5’ht.) 

83. IF 

water  vapor 

12.8 

oh  chonget/hour 

WET  BULB  TEMPERATURE 

helium 

2.4 

(bated  on  full  moitture  toad) 

water  vapor 

4.8 

3*  ht,  ave.  inlet 

64  .OF 

COMMENTS 

ove.  outlet 

67  .OF 

5‘  ht.  ove.  inlet 

65. 3F 

Approx .  5  Ib/W  moitture  input 

ave .  outlet 

70 .5F 

(token  lood) . 

• 

Equilibrium  etlobUthed. 


BUILDING  NO,.  2 
TEST  NO.  4 

6/15/62  (1100)  -  6/16/62  (0800) 

100  OCCUPANTS  -  15  $Q.  FT./PERSON 


inlet  (20.4  iq,  ft.)  outlet  (14,5  tq.  ft. 

—  door)  Note:  oil  top  ponelt 

(68.8  iq.  ft. 

—  ponelt)  ore  removed. 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(baud  on  full  raoitture  food) 

oir  temperotwe 

S3  -  64F 

ove  .  outlet  (3'ht.) 

76  .OF 

relotive  Humidity 

72  -84% 

wind 

SW  2  mpH 

ove .  outlet  (5*  ht .) 

77  .OF 

comment* 

DRY  BULB  TEMPERATURE 

clear,  eiU 

RATE  OF  AIR  FLOW 

cf«/per*on 

ove .  inlet  (cntl««  door) 

76 .2f 

Helium 

U.l 

eve,  outlet  (entire  door) 

83  .Of 

water  vapor 

11.8 

ove.  too m  (S'  n*.) 

81  J0f 

oir  clwngei/Hour 

helium 

5.3 

WET  BULB  TEMPERATURE 
(bated  on  full  moitlute  Icod) 

water  vapor 

4.4 

COMMENTS 

3*  Ht.  ove.  inlet 

64.0 F 

ove .  outlet 

69  .Sf 

Approx.  5  tb/hr  moitlute  input 

S'  ht.  ove.  inlet 

67 .2f 

(token  toed). 

ove.  outlet 

TOM 

Equilibrium  eriebllihed. 

Figure  31 

In  Test  *5  figure  39),  occupancy  was  increased  to  about  10  sq,  ft  ./person* 
AU  of  the  top  panels  remained  open.  An  increased  air  change  rate  was  - 
noted  and  the  effective  temperatures  again  indicated  habitable  conditions* 
However,  with  regard  to  the  last  three  tests,  the  method  of  obtaining 
specific  humidity  over  the  entire  outlet  would  yield  calculated  effective 
temperatures  below  the  actual  values. 

All  pertinent  data  obtained  from  the  five  tests  conducted  in  building  No.  2 
are  summarised  in  Table  5.  The  various  air  flow  circuit  configurations  are 
also  presented  (Figure  40). 

The  problems  encountered  in  building  No.  2  con  be  summarised  as  follows] 

1 .  Thee  limit  of  !  week  In  the  jest  space  imposed  severe  limitations. 

2.  Five  tenting  devices  were  acting  erratically.  Possibly  the  entire 
Portable  Infiltration  Meter  system  needed  checking  ond  over* 
hauling.  The  erratic  drifting  of  the  Instrument  during  the  runs 
yielded  scattered  results  that  were  not  comparable  to  the  water 
vapor  technique.  This  leaves  some  question  as  to  their  value  in 
this  series  of  tests. 

3.  [sitting  mechanical  equipment  could  not  be  removed  from  the 
test  spaces.  Moisture  in  the  space  hod  to  be  kept  low  to  pi* 
vent  damage  to  the  equipment.  Therefore,  only  3  tbs.  per 
hr.  of  woier  was  evaporated  irnteod  of  the  amount  ocfurotly 
required  for  full  occupancy. 


BUILDING  NO.  2. 


TEST  NO.  5 

6/16/62  (0900)  -  6/17/62  (0600) 

150  OCCUPANTS  -  10  SQ.  FT. /PERSON 


Inlet  (20.4  sq.ft.)  outlet  (U.S  »q.  ft.  —  door)  Note:  oil  top  panels 

(68.8  sq.  ft.  —  panels)  «*  removed. 


OUTSIDE  CONDITIONS  EFFECTIVE  TEMPERATURE 

(Usd  on  full  moist  use  food) 


olr  temperature 

38  -  62F 

relative  humidity 

75  -  84% 

ove.  outlet  (3*  ht .)  77 .Of 

wind 

SW  1  mph 

ove.  outlet  (5*  hi.)  79 .Of 

comments 

clear,  mild 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door 

77. 7f 

tUti/p erson 

ove.  outlet  (entire  door) 

66. Of 

water  vapor  12.8 

ove.  room  (5*  ht.) 

B3.5F 

oir  chonges/Kwr 

water  vapor  7.3 

WET  BULB  TEMPERATURE 

(bated  on  full  moisture  lood) 

COMMENTS 

3*  ht .  ove .  inlet 

64  .OF 

Appro*.  5  Ib/hr  moisture  input 

ove .  outlet 

71  .OF 

(token  lood). 

S'  ht.  ove.  inlet 

65 .6F 

Equilibrium  established. 

ove.  outlet 

73.0F 

-*-SW  Nt~*" 


5\¥ 

\ . r 

wSm 

4.. .  ...  . 

VSfl 

■ 

< 

f 

■ 

r 

-i  r~ 

1 

1 

■ 

m 

inlet  outlet 


TEST  NO.  1 

Mechonicol  ventilation  system  operating. 

Vol.  rotio  —  test  space  to  circulation  space  -  0.20. 
Inlet  opening  20,4  sq.  ft. 

Outlet  opening  14.5  sq.  ft. 


TOT  NO.  2 

Mechonicol  ventilation  system  operating. 

Vot.  rotio  *—  test  space  to  circulation  space  “  0.20. 
Inlet  opening  20.4  sq.ft. 

Outlet  opening  14,5  sq.  ft. 


TEST  NO.  3 

Mechonicol  ventilation  system  operating, 

Vol,  ratio  —  test  space  to  circulation  space  “0.20. 
Inlet  opening  20.4  sq.  ft. 

Outlet  opening  14.5  sq.  Jt.  —  door. 

66.8  sq.  ft.  —  5E  top  panels. 


TEST  NO.  4 

Mechonicol  ventilation  system  operating. 

Vol.  ratio  —  test  space  to  circulation  space  *  0.20. 
Inlet  opening  20.4  sq.  ft. 

Outlet  opening  14.5  sq.  ft.  —  door. 

68.8  iq.  ft.  —  oil  top  panel*. 


TEST  NO.  5 

Mechonicol  ventilotloe  system  operating. 

Vol.  rotio  — -  test  space  to  circulation  spoce 85  0.20. 
Inlet  opening  20.4  sq.ft. 

Outlet  opening  14.5  sq.  ft.  —  door. 

68.8  sq.  ft.  —  oil  lop  panel*. 


COMPAKISON  OF  AH  flOW  CIRCUIT  CONFIGURATIONS  -  6UHOINO  NO.  2 


Table  5 


TEST  SUMMARY  BUILDING  NO.  2 


Duration  of  test 
Simulated  occupancy 
Floor  crea  per  person 


Outside  conditions 
oir  temperature 
relative  humidity 
wind  direction 
wind  speed 
.  comments 


Dry  bulb  temperature 
ave.  inlet 
owe.  outlet 


Wet  bulb  temperature 
ave.  inlet  (3’) 
ave.  outlet  (3‘) 
ave.  inlet  (5‘) 
ave.  outlet  (S’) 

Effective  temperature 
ave.  outlet  (3') 
ave.  outlet  (51) 

Air  flow 
cfm/person 
helium 


water  vapor 


air  chongesA*xtf 
helium 
water  vapor 


!  i 

i  I 

2 

47  hrs.  ! 

24  hts. 

!  150 

100 

i  10  sq.  ft. 

i 

15  sq.  ft. 

56-80F 

55-61F 

65-90% 

95% 

SW 

EN£ 

5  mph 

3  mph 

cloudy. 

rain 

rain 

79.3F 

78. 8F 

83.3F 

82.8F 

85.0F 

84.7F 

69. 5F 

66.5F 

81. 5F 

80.5F 

70, OF 

67. 5F 

82. OF 

81  .OF 

81. 5F 

81  .OF 

83.  OF 

82. OF 

1 

1.9 

i 

3.5 

6.7 

6.3 

1.1 

1.3 

4.0 

2.3 

Token 

Token 

moisture 

moisture 

load. 

load. 

Equilibrium 

Equilibrium 

not  reached. 

not  reached. 

56-61F 

84% 

SW 

2  mph 

partly 

cloudy 


58-64F 

76-84% 

SW 

2  mph 

clear, 

mild 


Token 

moisture 

load. 

Equilibrium 

reached. 


21  fas. 
150 

10  sq.  ft. 


58-62F 

75-84% 

SW 

l  mph 

clear, 

mild 


Token 

moisture 

load. 

Equilibrium 
reached . 


Not  used. 
12.3 


Not  used. 
7.3 

Token 

moisture 

load. 

Equilibrium 

reached. 
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CHAPTER  5  ' 


TEST  BUILDING  NO.  3 
DESCRIPTION  OF  BUILDING  AND  TEST  SPACE 

The  third  building  provided  the  most  desirable  test  conditions.  From  the  be¬ 
ginning  of  July  -to  mid-August  complete  control  of  the  building  was  possible. 
The  building  wos  unoccupied,  which  allowed  control  over  window  and  door 
openings.  Also,  mechanical  ventilation  systems  could  be  turned  off  at  will 
during  the  six  week  test  period. 

The  building  selected  was  a  5story  dormitory  60  ft.  by  160  ft.  with  basement 
(Figure  41).  Main  construction  is  reinforced  concrete  frame  and  slobs  with 
brick. panel  walls,  which  contain  about  25  percent  windows.  Construction 
throughout  is  at  least  average  so  that  infiltration  through  metal  windows  and 
masonry  walls  is  a  minimum.  The  long  oxis  coincides  with  a  southeast-north- 
west  line.  Building  volume  is  approximately  510,000  cu.  ft. 

The  test  space  connects  the  bottom  areas  of  both  stair  towers  and  provides 
o  nearly  straight  line  flow  between  them  (Figure  42).  Door  openings  of 
17.0  sq.  ft.  each  provide  access  to  the  9'  x  15'  stair  towers.  Floor  area  of 
the  test  space  is  1510  sq.  ft.  and  the  volume  is  15,100  cu.  ft.,  or  1/3  of 
the  total  basement  area  and  basement  volume  respectively.  The  ratio  of  the 
test  space  volume  to  total  building  volume  is  approximately  3  to  100.  A 
two-cab  elevator  shaft  is  located  near  the  center  of  the  test  space. 


EXTERIOR  VIEW 


BUILDING  NO,  3 


No  modification  to  the  test  space  was  required  except  to  seal  off  on  under¬ 
ground  pipe-tunnel  entering  the  basement.  A  temporary  partition  was  also 
installed  at  shown  on  plon  (Figure  42)  to  provide  a  separate  instrumentation 
orec.  For  one  test,  stair  closures  were  provided  in  both  stair  towers  at  the 
second  floor  above  ground  floor.  The  closures  were  well  sealed  and  the  5 
story  building  then  became  essentially  a  2  story  building.  In  another  test, 
a  "side  room"  37  ft.  deep  by  25  ft.  wide  was  used.  The  "side  room"  test 
space  hod  douole  doors  in  a  34.8  sq.  ft.  opening  and  was  located  near  the 
cool  or  inlet  end  of  the  test  space  (Figure  42).  A  single  high  window  approx 
imately  2'-3"  by  3'-2"  was  closed  but  not  sealed. 

The  ground  floor  contains  lobby,  lounge,  and  office  space.  The  four  floors 
above  contain  typical  dormitory  rooms  (Figure  43).  The  dormitory  rooms  are 
along  the  outside  with  5  ft.  wide  corridors  running  along  both  sides  of  on 
interior  service  core.  Room  doors  have  a  1"  crock  at  the  bottom  but  no 
ventilation  grilles  in  the  doors. 

The  northwest  stair  tower  ends  at  the  top  floor  while  the  southeast  tower 
extends  to  the  roof  where  a  sun  deck  Is  located.  This  tower  has  no  external 
walls  except  at  the  ground  story.  The  northwest  tower  has  one  exterior  wall. 
Exterior  walls  of  both  towers  contain  11.5"  wide  vertical  strips  of  windows, 
in  units  50 inches  long.  Each  window  unit  is  well  sealed  when  closed.  A 
langihxfinat  section  shows  the  stair  rowers  and  test  space  (Figure  44).  A 
transverse  section  through  the  building  is  also  presented  (Figure  45). 


INTERIOR  VIEW  OF  TEST  SPACE 


An  8'  x  14‘  section  of  the  pipe -tunnel  entrance  in  the  basement  was  clotecf 
off  as  an  instrumentation  area.  Potentiometers  for  recording  thermocouple 
readings,  timing  devices.  Portable  Infiltration  Meter  indicator  cabinet, 
and  telephone  were  put  into  this  area.  Lamp  banks,  humidifier  barrels, 
control  panel,  automatic  psychrometers,  and  Portable  Infiltration  Meter 
sensing  devices  were  located  in  the  main  test  space  as  shown  (Figure  42). 

An  interior  view  of  the  main  test  space  is  shown  (Figure  44)  although  the 
instruments  were  not  present  when  the  photo  was  taken.  Paper  strip  indi¬ 
cators  were  located  in  all  doorways  incorporated  in  air  flow  circuits. 
Hygro-thermographs  were  located  in  the  corridors  of  upper  floors  in  the  air 
flow  circuits. 

Except  for  the  “side  room"  dota  In  the  lost  test,  water  vapor  measurements 
were  used  Jo  determine  air  change  rates,  Vhe  N.B.S.  Portoble  Infiltration 
Meter  could  not  be  used  for  most  tests  because  the  air  change  rates  were 
higher  than  the  upper  limit  for  operation.  Also,  errottc  behavior  of  this  in¬ 
strument  required  that  work  be  done  to  restore  it  to  proper  operating  condition. 

For  the  lost  test,  which  involved  a  “side  room, "  the  best  Portable  Infiltration 
Meter  sensing  devices  were  set  up.  The  water  vapor  method  of  determining 
olr  chonge  rote  was  impossible  here,  since  there  woi  only  one  opening  to  the 
"side  room"  test  space  ond  absolute  humidity  differentials  could  not  be  ob¬ 
tained  between  inlet  and  outlet. 


Token  moisture 


-■'V,  • . - 

r^'  '  .  % 


QENERAl  PROCEDURE 

Since  Building  No.  3  was  available  for  a  six  week  period  and  olmo*t  com¬ 
plete  control  of  the  building  was  possible,  a  wide  voriety  of  air  flow  cir¬ 
cuits  could  be  examined  in  greater  detail  them  was  passible  in  Buildings 
No.  I  and  2.  A  schedule  of  operations  shown  in  Toble  6  described  the 
chronology  of  testing  in  Building  No.  3. 

The  general  procedure  for  simulating  the  occupants  and  determining  air 
change  rates  «hich  was  used  in  Building  No.  2  was  also  used  in  Building 
No.  3.  Refer  to  Chapter  4.  A  significant  difference,  however,  was  that 
for  the  latter  tests  in  Building  No.  3  full  moisture  loads  were  used  in  simu¬ 
lating  the  occupant*. 

TEST  RESULTS 

Preliminary  observations  were  mode  to  determine  the  effect  of  extraneous 
factors  in  promoting  air  change  in  the  test  space  after  it  was  sealed  from 
the  remainder  of  the  building.  All  cracks  larger  than  1/16"  had  been  closed 
with  tape.  For  this  preliminary  test,  the  basement  door  to  each  stair  tower 
was  closed. 

This  test  made  use  of  the  tracer  gas  decay  technique,  using  helium  as  the 
gas.  This  method  here  proved  satisfactory  as  the  oir  change  rote  was  very 
low.  The  air  change  rate,  however,  was  not  constant  over  the  extended 
period  of  test  time  necessary  for  testing,  bvt  could  be  fudged  to  be  less  than 
0.3  air  change  per  hour  at  the  maximum.  This  rate  proved  to  be  negligibly 
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small  in  comparison  with  rote*  obtained  Inter  under  better  flow  conditions. 

Preliminary  observations  indicated  that,  for  the  remainder  of  the  test*  con¬ 
ducted  in  this  test  space,  no  concern  need  be  given  to  extraneous  factors 
affecting  the  results.  The  taping  hod  reduced  these  effects  to  a  tolerable 
minimum. 

Not  all  of  the  test  rum  shown  in  Table  6,  Schedule  of  Operations  Building 
No.  3,  are  reported  in  detail.  The  reason  for  this  is  that  some  test  runs 
gave  no  significant  results,  and  in  some  other  tests  the  data  was  later  proved 
to  be  invalid.  One  test  wo$  set  up  only  for  purposes  of  instrument  checking. 
These  tesb  hove  been  included  in  the  schedule  of  operations  so  that  the 
chronological  order  of  testing  would  be  complete. 

Tests  and  *4  (Figures  47  and' 48)  were  conducted  to  determine  what  air 
cltange  rates  might  be  expected  in  the  test  space  when  various  openings  to 
the  atmosphere  were  made  in  the  air  flow  circuit.  One  window  unit  of  4.0 
sq.  ft.  was  open  in  each  stair  tower  as  shown  on  the  figures.  The  air  change 
rates  were  mainly  dependent  on  externol  wind  conditions,  and  therefore,  the 
results  of  the  few  tests  run  under  these  conditions  could  not  be  correlated. 
No  accurate  measurement  of  these  air  change  rotes  could  be  mode  at  this 
time  because  of  the  unsteadiness  of  the  air  flow  and  the  fact  that  oil  olr 
change  rotes  were  too  large  for  the  tracer  gos  decoy  method  to  give  accurate 
records. 


BUILDING  NO.  3 
TEST  NO.  1 

7/17/62  (0800) -7/18/62  (1700) 


NO  OCCUPANTS 


i  nil 

IIIIIII 

nil 

111  Will  1 

outlet  (17.0  sq.  ft.) 

1  1 
u 

inlet  (17.0  sq.  ft.) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(based  on  full  moisture  load) 

air  temperature 

66  -  82F 

ave.  outlet  (3*  ht.) 

relative  humidity 

50  -90% 

wind 

S  3-5  mph 

ave.  outlet  (5'ht.) 

comments 

cloudy,  humid 

DRV  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ave .  inlet  (entire  door) 

70  .OF 

cfm/person 

ave .  outlet  (entire  door) 

71  .OF 

air  changes/hour  r< 

ove.  room  (5'  ht.) 

73. 2F 

WET  BULB  TEMPERATURE 

COMMENTS 

(based  on  full  moisture  load) 

*  No  occupants. 

3*" ht .  ave.  inlet 

♦ 

ove .  outlet 

• 

5'  ht,  ave.  inlet 

ave .  outlet 

♦ 

Figure  47 

From  these  tests,  however,  it  was  observed  that  if  it  were  possible  to  make 
openings  to  the  atmosphere  at  selected  points  in  the  air  flow  circuit,  with 
anything  but  completely  calm  ambient  wind  conditions,  the  test  space 
could  possibly  be  used  without  giving  consideration  to  the  driving  force 
created  by  the  occupancy  in  the  space.  The  air  which  would  flow  through 
the  test  space  would  be  almost  completely  fresh  air,  and  unless  tire  ambient 
conditions  were  unfavorable  with  very  high  temperature  and  humidity,  con¬ 
ditions  in  the  space  would  be  good.  The  problems  that  arise  in  the  case  of 
air  circulating  through  an  enclosed  circuit  in  the  building,  constantly  rising 
temperature,  humidity,  and  CO2  content  of  the  inlet  oir,  would  not  occur. 
The  problem  of  dissipating  the  excess  heat  and  humidity  by  infiltration  and 
condensation  in  that  part  of  the  air  flow  circuit  outside  the  test  space 
would  not  arise. 

It  was  not  considered  necessary  to  continue  testing  this  type  of  air  flow  cir¬ 
cuit  with  simulated  occupancy  because  of  the  good  conditions  which  pre¬ 
vailed  with  the  space  unoccupied.  Any  additional  heat  or  moisture  would 
necessarily  increase  or  add  to  the  driving  force  of  the  wind,  although  It 
would  not  be  likely  to  change  it  to  any  greot  extent.  The  only  possible 
drawback  in  this  cose  would  be  that  In  cool  weather  the  test  space  might 
become  too  cold  for  continuous  occupation. 
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BUILDING  NO.  3 
TEST  NO.  4 

7/23/62  (1000)  -  7/24/62  (1200) 


NO  OCCUPANTS 


"outlet11  <17.0  sq.  ft.) 

mi  imtti  iiiiiiiHiisiiiiiiisiiiuii( 

"inlet"  (17.0 sq.ft.) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 

(based  on  full  moisture  load) 

air  temperature 

61  -  78F 

relative  humidity 

70  -  95% 

ave.  outlet  (3*  ht.)  * 

wind 

NW  7  mph 

ave.  outlet  (5'ht.)  * 

comments 

slower* 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ave.  inlet  (entire  door) 

70. 5F 

cfm/person  • 

ave.  outlet  (entire  door) 

67. OF 

air  chongei/hour  rapid 

ave.  room  (5'ht.) 

72. 5F 

WET  BULB  TEMPERATURE 

COMMENTS 

(based  on  full  moisture  lood) 

"Outlet"  and  "inlet"  indicate  loca¬ 

3*  ht .  ave .  Inlet 

* 

tions,  not  direction  of  oic  flow. 

ave.  outlet 

♦ 

*  No  occuponts. 

5*  Ht.  ave.  inlet 

* 

ave.  outlet 

• 

Figure  48 

« 

i  ■  -  *  .  ' 

!  .  -  *>. 

s  .  •  .* 

f  '  •  •  jc 

I  ■ 

i>  ’  . 

Test  f  6  (Figure  49)  was  one  of  the  first  of  the  series  in  the  test  with  simu¬ 
lated  occupants.  The  basement  access  doors  into  the  stair  tower  were  open, 
but  otherwise  the  stair  towers  were  closed  off  from  the  remainder  of  the 
building.  All  fresh  air  would  necessarily  have  to  infiltrate  into  the  stoir 

i 

? 

towers  from  the  outside,  or  from  the  interior  of  the  building  around  the  stair 
tower  doors  at  each  floor  level.  This  amount  of  infiltration  was  not  expected 
to  be  large  in  comparison  with  that  necessary  to  sustain  required  conditions 
In  the  basement  test  space.  This  expectation  was  borne  out  in  the  results. 

The  pattern  of  air  change  showed  that  the  lighter  hedted  air  in  the  test 
space  was  displaced  by  the  heavier  cooler  air  in  the  stair  tower.  This  re¬ 
sulted  in  air  change  occurring  mainly  near  the  stair  tower  doors  with  little 
change  occuring  in  the  interior  of  the  test  space.  The  pattern  of  the  air 
current  is  shown  In  the  figure. 

The  air  change  rate  in  the  test  space  for  the  condition,  found  by  both  trocer 
gas  decay  and  water  vapor  methods,  was  on  the  order  of  only  one  air  change 
per  hour  or  only  about  2  efm  per  person  for  this  occvponcy.  The  amount  of 
clean  outside  air  that  bad  infiltrated  Into  the  building  It  not  known.  The 
air  could  very  well  lose  the  excess  heat  from  the  basement  by  condensation 
through  the  stair  tower  wall,  but  the  CO2  content  In  the  air  could  be  con¬ 
tinually  increasing.  Abo,  the  full  moisture  toad  for  150  people  in  the  base¬ 
ment  was  not  added  to  the  space.  If  this  moisture  load  hod  been  odded,  for 
this  low  air  change  rate,  conditions  In  the  basement  would  very  quickly  have 
become  Intolerable  and  the  maximum  allowable  effective  temperature  surpassed. 
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This  test  !s  comparoble  in  conditions  to  previous  tests  mode  in  Building  No 
1,  where  the  air  change  rote  was  found  to  be  fairly  high.  This  was  most 
likely  due  to  the  fact  that  mechanical  ventilation  was  operating  in  that 
test.  The  time  of  year  and  the  ambient  weather  conditions  were  also 
quite  different,  but  this- is  not  thought  to  have  caused  a  change  of  this 
magnitude. 

At  any  rote,  this  condition  of  operation  at  this  time  of  year  was  seen  to 
be  poor,  and  an  air  flow  circuit  of  this  type  encountered  in  any  potential 
shelter  space  would  definitely  not  be  adequate. 


I  ' 

BUILDING  NO.  1 

1  '•  '  '  . 

TEST  NO.  6 

!  7/26/62  (1100)  -  7/27/62  (1400) 

i 

\ 

\ 

|  130  OCCUPANTS  -  10  SQ.  FT.  /  PERSON 


NW  SE 


OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(bated  on  full  moisture  lood) 

air  temperature 

50  -  69F 

relative  humidity 

45-85% 

ave .  outlet  (3'  ht ,)  76.0F  sot. 

wind 

SW  2-4  mph 

ove.  outlet  (5*  hi.)  82. OP  sot. 

comments 

DRY  BULB  TEMPERATURE 

cloudy,  cool 

both  readings  beyond 
saturation  point 

RATE  OF  AIR  FLOW 

ove .  inlet  (entire  door) 

77  .OP 

eve.  outlet  (entire  door) 

79  .OP 

cfm/person  2 

ove.  room  (5*  h».) 

83.6P 

oir  chonget/hour  1  to  1 .5 

WET  BUll  TEMPERATURE 
(bated  on  Full  moisture  lood) 

COMMENTS 

Approx .  5  Ib/hr  moisture  input 

3'  ht.  ove.  Inlet 

62. SF 

(token  lood). 

o«e .  outlet 

76. OP 

Equilibrium  established. 

5*  ht .  ove .  inlet 

64, 5F 

At  full  moisture  input  satura¬ 

ove.  outlet 

82. OF 

tion  would  hove  been  reached. 
"Outlet"  and  "inlet"  indicate  loco* 
tiont,  not  direction  of  oir  flow. 

FIflun  49 


Tests  *7,  *9,  end  *10  (Figures  50,  51,  and  52)  were  conducted  during  a 
one  week  period  when  ambient  weather  conditions  were  relatively  constant, 
for  this  series  of  tests  a  closure  was  placed  in  both  stair  towers  between  the 
second  and  third  stories  of  the  building,  essentially  reducing  the  building 
to  a  2  story-plus-bosement  configuration. 

The  simulated  occupancy  of  the  basement  was  based  on  a  10  sq.  ft.  per 
person  area  requirement..  The  expected  average  test  space  dry  bulb  tem¬ 
perature  was  judged  to  be  between  80  F  and  85  F;  therefore,  the  ratio  of 
sensible  to  latent  heat  input  was  set  at  one  to  one  on  the  basis  of  Table  1 . 
However,  as  the  effect  of  a  high  moisture  food  on  the  building  could  not 
be  forseen  exactly,  only  o  portion  of  the  total  amount  required  was  odded 
in  the  first  test  and  an  attempt  was  made  to  predict  a  final  condition  of 
full  input  from  the  results  obtained  In  tbit  manner. 

The  air  flow  circuit  as  initially  set  up  had  little  direct  contact  with  any 
exterior  surface  of  the  building.  The  circuit  through  the  second  floor  con¬ 
sisted  only  of  the  holtwoys  In  the  interior  of  the  building.  No  doors  to  the 
dormitory  rooms  were  opened.  Air  movement  through  openings  around  the 
doors  would  provide  the  only  contact  between  the  high  temperature,  high 
humidity  air  and  the  ambient  room  oir  odjocent  to  the  cool  exterior  walls. 

in  Test  *7  (Figure  50)  provision  was  made  for  o  moisture  input  to  the  test 
ipoce  of  approximately  5  pounds  per  hour,  ochral  full  occupancy  requirement 
for  the  ipoce  was  approximately  28  pounds  per  hour.  The  test  was  conducted 


i  •  •  •  • 

I  • 

|  over  o  three  day  period  and  at  no  time  did  the  actual  effective  temperature 

j  in  the  test  space  approach  the  maximum  allowable  of  85  F. 

i  •  • 

The  air  change  rate  for  this  condition  was  determined  by  the  water  vapor 
method  and  was  found  to  average  between  3  and  4  air  changes  per  hour 
after  equilibrium  had  been  reached.  When  the  effective  temperature  was 
projected  to  include  the  effects  of  a  full  moisture  addition  in  the  test  space, 
it  was  still  well  below  the  maximum  allowable.  The  projected  effective 
temperature  was  between  81  F  and  81 .5  F. 

Projecting  the  effects  of  the  full  complement  of  moisture  addition  in  the 
space  assumes  that  the  air  change  rqte  and  dry  bulb  temperature  of  the  space 
would  not  be  affected  by  the  actual  addition  of  the  full  latent  load  to  the 
space.  Only  the  outlet  humidity  Is  considered  to  be  affected.  The  resulting 
,  relative  humidity  and  effective  temperature  are  based  on  the  some  maximum 

dry  bulb  temperature. 

In  Test  ^9  (Figure  51),  the  second  of  this  series,  the  amount  of  moisture 
Input  was  doubted  since  in  the  previous  test  there  was  no  apparent  conden¬ 
sation  ot  woter  vapor  on  the  surfaces  of  the  air  flow  circuit. 

The  olr  change  rate  for  this  condition  of  sensible  and  lotent  heat  addlt'on 
rose  to  4.5  to  5  air  changes  per  hour.  The  condition  of  occupancy  hod  not 
been  changed  from  the  previous  test  condition  of  approximately  10  sq.  ft. 
per  person,  except  for  the  addition  of  a  greater  amount  of  tetfent  heat  In¬ 
put.  The  addition  of  this  Increased  moisture  lood  seemed  to  have  more 
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effect  on  the  finof  condition  of  dry  butb  temperature  than  had  been  ex¬ 
pected.  The  average  dry  bulb  temperature  in  the  test  space  rose  over  2  de¬ 
grees  F,  even  with  the  increase  ra  dr  change  rate.  This  rise  might  be  par¬ 
tially  explained  by  different  ambient  conditions,  but  these  conditions,  at 
least  as  far  as  temperature  is  concerned,  did  not  vary  to  any  extent  from 
those  of  the  previous  test.  The  ambient  relative  humidity  did  Increase  and 
this  could  came  a  higher  relative  humidity  inside  the  tost  space  and,  there¬ 
fore,  a  higher  effective  temperature.  The  projected  effective  temperature 
for  full  moisture  lood  did  rise,  in  fact,  reaching  83  F  to  84  F. 

However,  the  total  effect  of  the  Increase  in  the  amount  of  latent  heat 
addition  was  not  whot  had  been  anticipated.  For  this  reason.  It  was  de¬ 
cided  that  in  order  to  ascertain  with  the  peatest  degree  of  reliability  the 
final  conditions  of  air  flow  and  effective  temperature  in  the  space,  the 
full  latent  load  should  be  added  to  the  test  spoce.  This  would  entail  the 
possibility  of  domaglng  the  building  or  its  contents,  and  this  factor  would 
abo  have  to  be  considered. 

In  Test  *10  (Figure  52),  the  third  test  of  this  building  configuration,  the 
full  amount  of  lotenl  lood  was  added  to  the  test  spoce.  The  sensible  lood 
remained  the  some  as  in  the  two  preceding  Tests,  *7  and  *9. 

Equilibrium  was  never  established  in  Test  *10.  The  ambient  condition* 
were  practically  the  same  as  they  were  for  the  first  test  of  this  configuration, 
although  the  results  were  much  different.  It  becomes  evident,  then  that 


these  different  results  must  have  been  caused  by  the  addition  of  the  greater 
amount  of  moisture.  Within  a  12  hour  period  after  the  start  of  the  full 
moisture  addition,  the  effective  temperature  in  the  space  had  risen  to  85  F 
and  condensation  wcs  occurring  on  the  cooler  walls  and  windows  throughout 
the  air  flow  circuit.  The  air  change  rare  calculated  by  the  water  vapor 
method  was  apparently  about  9  per  hour,  which  Is  double  what  was  found 
in  Test  *7.  This  increase  would  be  partly  due  to  the  foci  that  the  tempera* 
hire  in  the  test  space  was  much  higher  and,  therefore,  the  driving  force 
was  higher.  Mast  lively,  though,  there  is  an  error  due  to  the  feet  that 
equilibrium  hod  not  been  reoched.  The  relative  humidity  in  the  test  space 
was  continually  rising  throughout  the  duration  of  this  lest  so  that  the  vapor 
pressure  in  the  space  wes  continual!/  increasing.  This  would  cause  a  greater 
amount  of  water  vapor  to  enter  the  surfaces  of  the  test  spoce  and  accordingly 
a  smaller  amount  would  remain  in  the  air.  For  the  some  rate  of  moisture 
addition  to  the  spoce,  a  smaller  apparent  increase  in  the  vapor  content  of 
the  air  would  indicate  o  larger  air  change  rote,  in  this  cor*  larger  than  woe 
really  occurring,  the  actual  rote  was  more  likely  6  to  7  olr  changes  per 
hour. 

During  this  test  the  ratio  of  sensible  to  latent  heat  woe  not  changed  from 
the  conditions  of  the  previoMs  tests  to  account  for  the  increase  in  the  lest 
space  temperature .  However,  the  input  remained  close  enough  to  that  re* 
quired  to  that  the  results  can  be  considered  valid.  An  increeee  In  the 
amount  of  lotent  h*e*  combined  with  o  decrease  in  sensible  heat  would 


likely  result  in  o  tower  oir  change  rote  and  o  much  greater  relative  humidity. 
Since  the  relative  humidity  in  the  space  was  already  over  90%,  this  in 
effect  would  couse  the  condition  in  the  space  to  became  wane,  approaching 
100%  relative  humidity  with  condensation  on  the  surfaces  of  the  test  space 
which  would  continue  for  the  duration  of  the  occupancy* 

It  was  very  apparent  at  this  time  that  on  oir  flow  circuit  of  this  type  was 
not  practical,  ot  least  where  only  a  limited  area  of  wall  and  window  surface 
directly  connected  with  the  ambient  oir  was  available.  The  results  would 
undoubtedly  hove  been  Improved  far  a  time  hod  the  dormitory  room  doors 
been  opened  and  a  larger  amount  of  window  and  wall  space  been  mode 
available  for  condensation  and  exfiltrotion  of  moisture  laden  air.  The  moin 
result  obtained  from  these  tests  is  that  the  projection  of  final  conditions  by 
the  use  of  only  o  portion  of  the  total  moisture  load  in  the  actual  test  should 
be  considered.  Only  the  addition  of  the  fall  complement  of  latent  and 
sensible  heat  to  simulate  the  desired  occupancy  will  give  accurate  results. 
This  procedure  was  adopted  in  the  remainder  of  the  tests  In  this  building. 

These  three  tests  (*7,  *9,  and  *10)  show  why  the  results  for  Test  *5  ore  in* 
valid  to  a  certain  extent,  and  wiry  it  has  been  emitted  from  the  discussion. 


BUILDING  NO.  3 

TEST  NO.  7 
* 

7/27/62  (1400)  -  7/30/62  (1000) 


150  OCCUPANTS  -  10  SQ.  FT. /PERSON 
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outlet  (17.0  sq.ft.) 

i  i 

LJ 

inlet  (17.0  sq.  ft.) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 

(based  on  full  moisture  load) 

olr  temperature 

60  -81F 

relative  humidity 

30  -  80% 

ave.  outlet  (3*  ht.) 

81  ( 

wind 

S  3-5  mph 

ave.  outlet  (5*  ht.) 

81. 

comments 

warm,  sunny 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door) 

74  .OF 

cfm/person 

Sts 

ave.  outlet  (entire  door) 

81  .OF 

air  changes/hour 

3  h 

eve.  room  (5‘  ht.) 

B1.6F 

WET  BULB  TEMPERATURE 

COMMENTS 

(based  on  full  moisture  load) 

Appro*.  5  tb/hr  moisture  input 

3‘  ht.  ove.  inlet 

63 .8F 

{token  load) . 

ave .  outlet 

79.5F 

Equilibrium  established. 

5*  ht.  ove.  Inlet 

63. 8F 

No  apparent  condensation. 

ove .  outlet 

79 .2F 

Figure  50 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(bated  on  full  moisture  *o<*d) 

oir  temperature 

60  -78F 

ove .  outlet  (31  ht  „) 

relative  humidity 

50  -80% 

wind 

W  3mph 

ove.  outlet  (5*ht*)  1 

comments 

clear,  hot 

DRY  BUIS  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door) 

76. 5F 

cfm/person  8 

ove.  outlet  (entire  door) 

85 .9F 

oir  changes/hour  4. 

ave .  room  (5‘  ht .) 

83. 9f 

WIT  BULB  TEMPERATURE 
(bated  on  full  moisture  load) 

COMMENTS 

9.7  Ib/hr  moisture  input 

3'  ht.  eve.  inlet 

7I.5F 

(partial  load). 

ave.  outlet 

81  .OF 

Equilibrium  eitoWHhed. 

S'  ht.  ove.  inlet 

71 .51 

No  condensation  apparent 

ove .  outlet 

82 .5f 

BUILDING  NO.  3 
TEST  NO.  10 

6/1/62  (0900)  -  8/1/62  (2200) 


150  OCCUPANTS  -  10  SO.  FT.  / PERSON 


S3 


outlet  (17.0  sq.ft.) 

mmm 

inlet  (17.0  sq.  ft.)  . 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(based  on  full  moisture  load) 

air  temperature 

68  -80F 

relative  humidity 

30  -  46% 

ove ,  outlet  (3*  ht .) 

wind 

NW  3  mph 

ave.  outlet  (5*  ht.) 

comment* 

clear,  hot 

DRY  BULB  TEMPERATURE 

RATE  OF  AIR  FLOW 

ove.  inlet  (entire  door) 

77 .2F 

cfm/person 

ave.  outlet  (entire  door) 

86. 4f 

oil  chonges/hour 

ove.  room  (5'  ht.) 

84.8 f 

WET  BULB  TEMPERATURE 

COMMENTS 

(bored  on  lull  moisture  load) 

29  Ib/hr  moisture  input 

3'  ht .  ove .  inlet 

77.5F 

(full  toad). 

ave,  outlet 

83. 6f 

Equilibrium  not  established 

S‘  hi .  ove.  inlet 

78  .Of 

Condensation  on  second 

ave ,  outlet 

84. OF 

story  within  12  hours. 

f  igure  52 

For  Test  *1 1  (Figure  53)  a  different  building  configuration  wc*  used.  The* 
change  made  between  the  conditions  of  this  test  and  those  of  the  previous 
series  of  tests  was  the  increase  in  height  of  the  air  flaw  circuit  from  two  to 
five  stories.  The  conditions  in  the  test  space  were  continued  as  in  Test  ^10. 
The  same  omount  of  moisture  input  was  made,  but  the  sensible  load  was  some** 
what  greoter  than  required.  However,  the  effects  of  change  in  height 
would  still  be  expected  to  become  apparent  when  the  results  of  this  test 
were  compared  with  those  of  the  previous  tests,  considering  the  fact  that  the 
changes  in  ambient  conditions  were  not  extensive. 

Upon  comparison  with  the  previous  test,  it  is  evident  that  the  dry  bulb  tem¬ 
perature  throughout  the  test  space  showed  very  little  change.  The  air 
change  rate  was  increased,  reaching  7  to  9  oir  changes  per  hour,  as  was 
to  be  expected  from  the  additional  height.  This  increase  was  not  large, 
however,  as  the  air  change  rote  in  the  previous  test  was  about  6  to  7 atr 
changes  per  hour.  The  main  difference  In  the  two  tests  is  noted  in  the  rela¬ 
tive  humidity  and  effective  temperature  comparisons.  In  the  previous  test, 
effective  temperatures  had  quickly  reached  85  F  and  the  relative  humidity 
In  the  test  space  was  over  90%  with  both  continuing  to  rise  when  the  test 
was  halted.  In  this  test,  equilibrium  was  reached  at  tower  figures.  Since 
the  dry  bulb  temperature  throughout  the  test  space  did  not  change  appreciably, 
these  differences  in  results  obviously  came  about  as  a  result  of  decreased 
relative  humidity  in  the  test  spoce. 


The  relative  humidity  In  the  space  during  this  period  did  not  exceed  85%,  • 
and  at  most  times  was  between  70%  and  80%.  The  more  favorable  results 
were  due  to  the  increased  amount  of  cooler  surface  which  was  available 
for  condensation  of  the  water  vapor  from  the  air.  The  available  surface 
was  more  than  doubted  by  the  increose  in  length  of  the  air  ftow  circuit. 

While  conditions  in  the  test  space  were  still  not  as  good  as  desired, 
evidently  this  was  a  step  in  the  right  direction.  Using  all  available  cool 
surfaces  to  condense  water  vapor  from  the  air  is  very  desirable.  Most  con¬ 
densation  was  occurring  on  the  windows  of  the  stair  towers,  in  particular 
on  those  of  the  inlet  stair  tower  which  were  the  coolest  surfaces  at  all 
times  during  the  testing. 

When  large  amounts  of  condensation  occur  outside  the  test  space,  in  amounts 
nearly  equaling  the  amount  added  to  the  space,  inlet  conditions  to  the  spaas 
will  not  be  substantially  affected  and  equilibrium  conditions  will  be  estab¬ 
lished.  However,  as  was  noted  in  Test  *10,  when  this  amount  of  condensation 
does  no!  occur,  the  inlet  humidity  wilt  be  continually  Increasing  and  there  it 
no  hope  that  equilibrium  can  be  reached. 


BUILDING  NO.  3 

TEST  NO.  11  i 

8/3/62  (1200)  -  8/4/62  (1730) 

150  OCCUPANTS  -  10  SQ.  FT. /PERSON 


outlet  (17.0  sq.ft.) 

inlet  (1 7 .0  sq,  ft.) 

OUTSIDE  CONDITIONS 

> 

EFFECTIVE  TEMPERATURE 
(based  an  full  moisture  load) 

oir  temperoture 

67  »  80F 

relative  humidity 

40-  74% 

ove.  outlet  (3‘  ht.) 

wind 

S  2-5  mph 

ave.  outlet  (5*  ht.) 

comment* 

clear,  hot 

ORY  BULB  TEMPERATURE 

• 

RATE  Of  AIR  fLOW 

ave.  inlet  (entire  door) 

77.7F 

cfm/person 

eve.  outlet  (entire  door) 

86.4F 

air  chcmge»/)x>uf 

ove.  room  (5’  ht.) 

B4.5F 

WET  BULB  TEMPERATURE 
(based  on  full  moisture  load) 

COMMENTS 

3*  ht.  <m.  inlet 

26  Ib/hr  moisture  input 

74  .Of 

(full  lead). 

ove.  outlet 

81  .Of 

Equilibrium  established. 

5*  ht .  ave .  inlet 

74  .Of 

Condensation  apparent. 

ove.  cutlet 

83. Of 

Another  method  which  would  seerr  to  be  available  for  creoting  better  con¬ 
ditions,  along  with  the  increase  in  cool  surface  area,  would  be  to  decrease 
the  amount  of  latent  heat  addition  in  the  test  space.  This  would,  in  effect, 
be  accomplished  only  by  decreasing  the  simulated  occupancy  in  the  space. 
This  wos  the  method  adopted  for  the  next  test. 

For  Test  f  12  (Figure  54)  the  configuration  of  the  air  flow  circuit  was  not 
changed  from  what  it  hod  been  in  the  previous  test.  The  purpose  of  this  test 
was  to  determine  the  effect  of  reduced  occupancy  on  air  change  rate  and 
space  conditions.  The  latent  and  sensible  heat  additions  were  adjusted  to 
simulate  an  actual  occupancy  of  approximately  100  people  in  the  test  spoce 
which  amounted  to  1.5  sq.  ft.  of  floor  spoce  per  person. 

The  oir  change  rate  through  the  space  dropped  to  between  5  and  6  air 
changes  per  hour  and  the  overage  dry  bulb  temperature  in  the  test  space 
dropped  to  about  83  F,  although  the  ambient  outside  temperature  during  this 
test  was  higher  than  in  any  previous  test.  The  effective  temperature  at  a 
3  ft.  height  did  not  exceed  82  F  during  this  test,  which  would  Indicate  that 
a  lower  stondard  of  occupancy  might  be  helpful  In  critical  locations  to 
attain  better  space  conditions.  It  should  be  noted  that  although  the  oir 
change  rote  decreased  from  the  previous  test,  due  to  the  fact  that  the  occu¬ 
pancy  wot  tower,  a  larger  flow  of  oir  per  person  was  attained  (Figure  54). 


BUILDING  NO.  3 
TEST  f40.  12 

8/6/62  (1400) -8/6/62  (2200) 


100  OCCUPANTS  -  IS  SQ,  FT./PaSQN 
NW  SE 


OUTSIDE  CONDITIONS 


olr  temperature  75  -  92F 

relative  humidity  40  -80% 

wind  S  6  mph 

comment)  hot 

DRY  BULB  TEMPERATURE 

ovt.  inlet  (entire  door)  77.8F 

ove.  outlet  (entire  door)  84. IF 

ove.  room  (5‘  ht.)  83.2F 

WET  BULB  TEMPERATURE 
(bated  on  Tull  moitture  lood) 

3*  ht .  ove .  inlet  74  .OF 

ove.  outlet  80. OF 

5* ht.  ove.  inlet  74. 2F 

ove.  outlet  82 .OF 


EFFECTIVE  TEMPERATURE 
(bated  on  full  moitture  lood) 


ove.  outlet  (3*  ht.)  82 .OF 

owe.  outlet  (5*  Ht.)  82 .8f 

RATE  OF  AIR  FLOW 

cfm/penon  13  to  IS 

air  changeVHour  5  to  6 


COMMENTS 

18.4  lb/h»  humidity  Input 
(near  full  lood). 
Equilibrium  reached. 


Fipure  $4 


of  simuloted  occupancy  which  would  not  create  a  sufficient  driving  force 
to  give  the  air  change  rote  necessary  for  the  wmber  of  accufmts  in  the 
test  space.  In  Test  #13  (Figure  55)  the  simulated  occuponcy  was  decreased 
to  about  75  persons  amounting  to  20  sq.  ft.  of  floor  space  per  person,  tt 
was  also  decided  to  use  more  available  wall  and  window  space  for  con* 
demotion  during  this  test.  For  this  reason,  the  fop  floor  doors  of  the  dor¬ 
mitory  rooms  were  now  opened,  greatly  increasing  the  available  window 
area. 

As  a  result  of  the  decrease  in  available  wall  area  and  reduction  in  occu¬ 
poncy,  the  olr  change  rote  was  lowered  slightly  from  the  previous  test  but 
the  rate  of  olr  flaw  per  simulated  occupant  was  again  increased.  -The 
effective  temperature  was  a  rather  low  81  F  at  o  3  ft.  height  with  roughly 
the  some  dry  bulb  temperature  in  the  test  space*  This  would  Indicate  that 
the  increase  In  aval  table  window  area  and  Infiltration  areas  around  the 
windows  hod  (he  desired  effect  of  reducing  the  moisture  in  the  air  to  better 


building  no.  a 

TEST  NO.  TT 

8/7/42  (1200)  -8/8/62  (0800) 


75  OCCUPANTS  -  20  SQ.  FT, /PERSON 


room  doors  open  to  corridors  -  this  floor 

5  .  i 


WCTHIIIi 


outlet  (17,0  sq.  ft.) 

1  ill  llll  Hi  HIIITOIIleHllUlltlllHlIll 

inlet  (17.0 sq.ft.) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPBATUK 

(based  on  Ml  moisture  food) 

olr  temperature 

64  -  88F 

relative  humidity 

50  -  70% 

ove.  outlet  (3’ht  J 

wind 

W  7  mph 

ove. outlet  (5'ht.) 

comments 

hot,  humid 

DRY  BULB  TEMPERATURE 

RATE  OF  Alt  FLOW 

ove.  inlet  (entire  door) 

78. 4F 

cfm/perton 

eve.  outlet  (entire  door) 

84. 5F 

Oir  chongei/hour 

ove.  room  (5'ht.) 

83.5F 

WET  IUIB  TEMPERATURE 

COMMENTS 

(based  on  full  moisture  load) 

14.7  Ib/W  humidity  input 

3'  hi .  ove .  inlet 

74  .Of 

(foil  lood). 

ove .  outlet 

SO  .OF 

Equilibrium  reoched. 

5*  M.  ove.  inlet 

74. OF 

ove.  cutlet 

80.5F 

Figure  55 

It  was  shown  in  Tests  *12  and  *13  that  the  opening  of  the  dormitory  room 
doors  had  a  desirable  effect-  on  improving  conditions  In  the  test  spoces.  In 
Test  *14  (Figure  56)  the  simulated  occupancy- was  again  raised  to  the  maxi¬ 
mum  of  150,  equivalent  to  10  sq.  ft.  per  person.  Also,  the  stair  tower 
doors  to  the  top  two  floors  were  now  opened  and  the  dormitory  room  doors 
on  each  floor  were  opened.  It  was  expected  that1  the  increased  volume  and 
wall  area  would  help  dissipate  more  heat  and  moisture  and  in  this  manner 
improve  conditions  in  the  test  space  to  a  tolerable  point.  However,  this 
did  not  prove  to  be  the  case  as  the  test  had  to  be  terminated  before  equi¬ 
librium  was  reached  because  of  excessive  effective  temperature  in  the 
test  space.  The  ambient  outside  conditions  at  the  time  of  this  test  may 
very  well  hove  caused  the  poor  results  since  the  weather  was  hot  ond 
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BUILDING  NO.  Z 

TEST  NO.  U 

8/8/62  (1030)  -  8/8/62  (2100) 


150  OCCUPANTS  -  10  SQ.  FT. /PERSON 


room  doors  op«i>  to  corridors  -  this  tlooj 
5  i  i 


open  to  corridors  -  tms  tloor 


outlet  (17.0 sq.ft.) 

u 

inlet  (17.0  sq.ft.) 

OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(based  on  full  moisture  load) 

atr  temperature 

55  -  84F 

ove .  outlet  (3*  ht .) 

relative  Humidity 

40-60% 

wind 

N  2-3  mph 

ove.  outlet  (5*  ht.) 

comments 

hot.  cleor 

DRY  BULB  TEMPERATURE 

RATE  Of  AIR  FLOW 

ov*.  inlet  (entire  door) 

79 .8F 

efm/person 

ove.  outlet  (entire  door) 

86 .6F 

olr  chonpei/Hour 

ave .  roam  (5'  Hf ,) 

8S.3F 

WET  BULB  TEMPERATURE 
(based  on  Mi  moisture  load) 

COMMENTS 

30  Ib/hr  moisture  input 

3*  ht.  ove.  inlet 

7S.3F 

(near  full  lood). 

eve .  outlet 

81  .OF 

Equilibrium  not  established 

J*  ht .  ave .  inlet 

7$.3f 

ove .  outlet 

82. 3F 

Figure  56 

In  Test  *15  (Figure  57)  the  simulated  occupancy  was  changed  to  oe count 
for  100  people  in  an  effort  to  see  if  the  effect  of  decreasing  occupancy 
would  improve  conditions*  The  situation  was  the  same  as  In  Test  *14, 
except  for  the  lower  occupancy .  The  stair  tower  doors  leading  into  the 
top  two  floors  were  again  open,  as  were  the  dormitory  room  doors  on 
both  floors.  This  four  day-test  was  the  longest  continuous  test  conducted 
In  Building  No.  3.  The  oir  change  rote  was  about  the  seme  os  had  been 
found  in  Test  *12  under  simitar  conditions  of  occupancy,  about  5  oir 
changes  per  hour,  even  though  the  window  surface  area  was  increased 
greatly.  This  might  be  accounted  for  by  the  fact  thot  during  this  test 
period  the  ambient  outside  conditions  were  much  different  than  during 
Test  *12.  The  ambient  conditions  went  cold  and  damp  with  o  Ugh  relative 
humidity.  More  condensation  would  likely  occur  but  the  migration  of 
moisture  to  the  outside  from  the  inside  would  likely  be  slower.  It  Is  also 
true  that  the  results  of  Test  *12  indicated  that  far  the  given  sensible  and 
latent  toad,  the  test  space  condition*  had  been  more  than  adequate.  A 
change  for  the  better  then,  os  In  this  test,  would  not  be  too  noticeable. 


BlrttDtNG  NO.  3 
TEST  NO.  15 

8/9/62  (0830)  -  8/13/62  (1600) 

100  OCCUPANTS  -  15  SQ.  FT.  /PERSON 

- NW 


outlet  (17*0  iq*  Jt#) 


Inlet  (17*0  »q*  ft*) 


OUTSIDE  CONDITIONS 

EFFECTIVE  TEMPERATURE 
(bated  on  full  noktuic  food) 

oif  temperetuf# 

50-80F 

ove .  outlet  (3*  M .)  1 

relative  humidity 

40  -  90% 

wind 

NE  2-5  mph 

owe.  outlet  (5*  hi.)  1 

comment* 

variable 

• 

ORY  8UU  TEMPERATURE 

RATE  of  am  flow 

ave,  i*bt  («n«tr«  doer) 

77. 3F 

cfo/perton 

0 ve,  outlet  (entire  daw) 

84. 7f 

air  ckmgtvbif 

ave .  toor»  {S'  ht .) 

82 .3F 

WET  8UU  TEMPERATURE 
(bored  on  full  mol*l are  bod) 

COMMENTS 

22  Ib.Ar  moWti**  Input 

3’  ht .  owe .  Inlet 

68 .7F 

(full  load). 

ovc »  outlet 

77. if 

Never  at  equilibrium . 

S'  Kl,  owe,  Inlet 

68 .9f 

Room  temperature  dropping; 

ove .  outlet 

• 

77  M 

Figure  57 

out  tide  temperature  lew. 

For  Test  *16  (Figure  58)  the  conditions  were  returned  to  those  of  foil  occu¬ 
pancy  or  *o  sensible  ond  latent  load  oi  150  people  in  a  space  averaging  about 
83  F  dry  bulb  temperature.  These  occupancy  conditions  were  the  same  at  ' 
those  of  Test  *1 1  in  which  the  equilibrium  conditions  reached  were  considered 
to  be  unsuitable  for  continued  occupancy,  and  Test  *14  where  equilibrium 
conditions  Had  not  been  reached.  The  addition  of  on  open  window  on  tlw 
top  floor  of  the  air  flow  circuit,  along  with  the  additional  window  space 
available  for  cooling  and  condensation  were  expected  to  create  an  improve¬ 
ment  in  conditions  for  this  test. 

The  air  change  rate  in-this  test  proved  to  he  substantially  the  same  as  had 
been  found  in  Test  *1 1 ,  varying  between  7  and  9  air  changes  per  hour. . 
During  this  test,  however,  the  effective  temperature  remained  at  or  below 
83  F  whereas  previously  the  effective  temperature  had  been  near  85  F.  The 
only  apparent  reason  for  this  improved  condition  wos  the  open  window  on  the 
top  floor.  The  open  window  wos  located  on  the  leeward  end  of  the  building. 
This  did  not  create  a  path  for  wind  to  flow  through  the  building  os  had  been 
done  in  some  of  the  Initial  tests.  However,  it  did  seem  to  provide  adequate 
means  of  dissipating  excessive  heat  ond  moisture  in  the  circulating  air. 

The  effects  of  many  variables  have  been  qualitatively  deduced  from  this 
series  of  teats,  although  no  quantitative  results  con  be  formulated.  The 
qualitative  results  are  discussed  in  more  detoil  in  the  Summary  ond  Con¬ 
clusions  of  Chapter  7. 
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BUILDING  NO.  3 
TEST  .NO.  16 

8/13/6?  {1700)  -8/14/62  (0830) 


150  OCCUPANTS  -  10  SQ>  ET./PERSC 


room  doors  open  to  corridors  -  this  tloo>-r- 

5  i  i - - - - - 

yom  doors  open  to  corridors  -  this  tloory-* 


outlet  (17.0  sq.  ft.) 
OUTSIDE  CONDITIONS 


air  temperature 

60  -  70F 

relative  humidity 

75  -  90% 

wind 

S  1-5  mph 

comments 

mild,  humid 

BULB  TEMPERATURE 

ave.  Inlet  (entire  door) 

77. IF 

ave.  outlet  (entire  door) 

86 .2F 

ave.  room  (5*ht.) 

83. 2F 

’  BULB  TEMPERATURE 

3'  ht .  ave .  Inlet 

71 .5F 

ove.  outlet 

80.2F 

5*  ht .  ove .  inlet 

71 .5f 

ove .  outlet 

80.3F 

Figure  58 


inlet  (17.0 sq.ft.) 


EFFECTIVE  TEMPERATURE 
(based  on  full  moisture  load) 

ave.  outlet  (3' ht.)  83 

ave.  outlet  (5'ht.)  83 


RATE  OF  AIR  FLOW 

chn/pcrson 
olr  chongiiV^OMf 


COMMENTS 

28  Ib/V.r  moisture  Input 
(somewhat  less  than  full  load) 
Equilibrium  established. 


i 

! 

One  additional  test,  Test  *17  (Figure  59),  wos  made  at  this  time.  In  this 

r. 

\  test,  an  attempt  was  made  to  ascertain  the  conditions  in  a  "side  room"  under 

i 

simulated  conditions  si  tailor  to  those  o f  Test  *16  except  that  no  deliberate 

» 

l 

openings  oppeored  in  the  olr  flow  circuit.  The  location  and  configuration 

f 

of  the  "side  room"  in  relation  to  the  moin  test  space  is  shown  on  the  base- 

j  ■ 

nient  plan  (Figure  42). 

;  interest  was  expressed  as  to  what  conditions  would  exist  if  "side  rooms" 

were  opened  into  the  moin  basement  test  space.  These  "side  room"  spaces 

i 

could  not  be  expected  to  exhibit  the  air  change  rote  found  in  the  main  test 
space,  primarily  because  they  would  not  have  separate  inlet  and  outlet. 

!  The  fact  that  there  is  only  one  opening  to  the  "side  room"  .noons  thot  olr 

movement  in  and  out  of  the  rooc'  would  have  to  tahe  place  through  the  same 

i 

opening.  Since  this  Is  the  case,  the  water  vopar  method  of  determining  the 
air  change  rote  becomes  practically  impossible  in  the  "side  room"  Itself. 
Therefore,  the  tracer  gas  decay  method  of  determining  air  change  rato  was 
used  in  the  "side  room*  and  the  air  change  rcte  did  not  exceed  the  limits  of 
capability  of  the  method. 

The  moin  test  space  was  considered  to  contain  ISO  people  or  10  sq.  ft.  per 
person,  and  in  tlw  specified  "side  room"  50  people  or  20  sq.  ft,  per  person 
were  simulated.  The  ratio  of  sensible  to  latent  heat  was  not  to  be  different 
in  the  spaces,  as  the  "side  room"  was  expected  to  reach  as  High  a  temperature 
as  that  in  the  main  test  spoor. 
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BUILDING  NO.  3 
TEST  NO.  17 

8/17/62  (1000)  -8/17/62  (2000 ) 


MAIN  SPACE  150  OCCUPANTS  -  10  SQ.  FT.  /PERSON 
SIDE  ROOM"  50  OCCUPANTS  -  20  SQ.  FT, /PERSON 

.Doto  below  based  on  both  spaces  being  occupied 


outlet  (17.0  sq.  ft.) 

OUTSIDE  CONDITIONS 

air  temperature 
relative  humiwity 
wind 
comment* 

DRY  BULB  TEMPERATURE 

ave .  inlet  (entire  door) 
ave.  outlet  (entire  door) 
ove.  room  (5'  Kt.) 

WET  BULB  TEMPERATURE 
(based  on  full  moisture  lood) 

3*  ht.  ove.  inlet 
ove .  outlet 
5*  ht .  ove .  inlet 
ove ,  outlet 


inlet  (17.0 sq.ft.) 


68  -75F 
45  -50% 

SW  4-8  mph 
clear,  cool 


EFFECTIVE  TEMPERATURE 
(based-on  full  moisture  lood) 

ove.  outlet  (3‘  ht.) 
ove.  outlet  (5*  ht.) 
ove.  "side  room"  (5*  ht.) 


82  .OF 
82 .5F 
81 .5F 


77  .OF 
85  .OF 
83, OF 


75. OF 
80.5F 
75. OF 
81  .OF 


RATE  OF  AIR  FLOW  (both  spaces) 

cfm/person  (200 occ.)  8  to  1C 

oir  changes/hr.  •  6  to  8 

RATE  OF  AIR  FLOW  ("side  room"  only) 

cfm/person  (50  occ.)  8  to  9 

oir  chonget/hr.  "  2.5  to  3 

COMMENTS 

All  doto  pertains  to  main  test  space, 
unless  otherwise  noted. 

44+  ib/hr  Humidity  input  (full  toad  * 
both  spaces). 

Equilibrium  reached. 

Condensation  on  "side  room"  well. 


Figure  59 


1 


It  was  anticipated  that  the  water  vapor  method  of  determining  otr  change 
rate  could  be  used  in  the  total  basement  space/  giving  at  least  an  average 
air  change  rate  for  the  two  combined  spaces.  U  was  found,  however,  that 
same  condensation  on  the  cold  exterior  wall  in  the  "side  room"  took  place 
throughout  the  testing.  The  amount  of  condensation  did  not  seen;  to  be 
enough  to  radically  change  the  calculated  air  change  rate,  although  that 
rate  would  no  doubt  be  lower  had  no  condensation  taken  place*  The  cal¬ 
culated  air  change  rate  was  between  6  and  8  air  changes  per  hour  in  the 
two  combined  spaces.  Due  to  the  condensation,  these  could  probably  be 
more  accurately  placed  between  5  and  8  air  changes  per  hour. 

The  results  of  the  tracer  gas  decay  method,  utilizing  the  N.B.S.  Portable 
Infiltration  Meter,  indicated  an  olr  change  rote  in  the  "side  room"  which 
was  higher  than  had  been  anticipated  and  was  on  the  borderline  of  the  range 
of  reliability  of  the  Instrument.  With  a  double  door  opening  of  34.8  *q.  ft. 
into  the  "side  room"  on  olr  change  rote  of  3  air  changes  per  hour  was  found. 
Later,  with  a  tingle  door  opening  of  17,4  sq.  ft.  Into  the  "side  worn"  on  oir 
change  rote  of  2.5  oir  changes  per  hour  wot  obtained. 

The  temperature  in  both  main  test  space  and  "tide  room"  rose  above  80  F, 
but  the  overage  effective  temperature  in  the  main  test  space  was  never 
above  82  f  and  the  effective  temperature  in  the  Sid*  room"  did  not  reach 
evert  this  point.  This  is  in  line  with  the  results  in  the  previous  test. 
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One  fact  that  must  not  be  ignored  is  that  the  "side  room"  opening  was  near 
the  inlet  to  the  main  test  space,  ond  as  a  result,  the  air  flowing  past  rite 
door  into  the  "side  room"  was  the  coot  inlet  air.  There  h  no  doubt  thafr 
this  situation  helped  to  hold  the  "side  room"  temperature  and  humidity 
to  comfortable  conditions,  as  welt  as  to  improve  the  air  change  rate  in  the 
room.  Hod  the  "side  room"  been  off  the  warm  or  outlet  end  of  the  main 
test  space,  the  air  that  would  be  changing  would  olreadybe  hot  and  humid. 
Then,  the  temperature  in  the  "side  room"  would  necessarily  have  risen 
above  the  temperature  in  the  main  test  space.  The  air  change  rote  would 
probably  have  been  tower,  and  this  also  would  hove  tended  to  increase  the 
"side  room"  temperature.  The  "side  room"  effective  temperature,  under 
these  conditions,  may  hove  approoched  the  maximum  limit  or  surpassed  It* 

A  summary  of  pertinent  test  data  for  Building  No.  3  U  shown  in  Table  7. 

The  various  air  flow  circuit  configurations  employed  in  the  tests  ore  also 
presented  (Figure  60). 


ouHef 


TEST  NO.  I 

Windows  ot  base  of  SE  stair  tower  open. 

Windows  at  top  of  NW  stair  tower  open. 

Vol.  ratio  —  test  space  to  circulation  spoce  =  0.95. 
Inlet  opening  17.0  sq.ft. 

Outlet  opening  17.0  sq.  ft. 


TEST  NO.  4 

Deliberate  openings  at  top  of  both  stair  towers. 
Mechanical  ventilation  system  operating. 

Vol.  ratio  —  test  space  to  circulation  spoce  =  0.95. 
“Inlet"  opening  17.0  sq.  ft. 

“Outlet"  opening  17.0  sq.  ft. 


"inlet" 


TEST  NO.  6 

No  deliberate  openings  except  basement  doors  to 
stair  toweis. 

Vol .  ratio  —  test  space  to  circulation  space  *  0*95. 
"Inlet"  opening  17.0  sq.  ft. 

"Outlet"  opening  17.0  sq.  ft. 


outlet  u 

Inlet 

*•— NW 

SE 

TEST  NO.  7 

Stair  tower  clotures  above  second  story. 

Stair  tower  doors  open  on  second  story. 

Vol .  ratio  «*»  test  space  to  circulation  space  ®  0.60. 
Inlet  opening  17.0  sq.  ft. 

Outlet  opening  I7.0sq.  ft. 


TEST  NO.  9 

Stair  tower  clotures  above  second  story. 

Stair  tower  doors  open  on  second  story. 

Vol .  ratio  —  test  space  to  circulation  spoce  *  0.60. 
Inlet  opening  17.0  sq.  ft. 

Outlet  opening  17.0  sq.  ft. 


COMPARISON  OF  AIR  FLOW  CIRCUIT  CONFIGURATIONS  -  BUILDING  NO.  3 


Table  7 


TEST  SUMMARY  BUILDING  NO.  3 


TEST  NO. 


Duration  of  test 
Simulated  occupancy 
Floor  area  per  person 


Outside  conditions 
air  temperature 
relative  humidity 
wind  direction 
wind  speed 
comments 


Comments 


66-82F 

50-90% 

S 

3-5  mph 

cloudy, 

humid 


Dry  bulb  temperature 
ove.  inlet  70. OF 

ave.  outlet  71  .OF 

ave.  room  73. 2F 


Wet  bulb  temperature 
ove.  inlet  (31) 
ave.  outlet  (3‘) 
ave.  inlet  (5') 
ave.  outlet  (5‘) 

Effective  temperature 
ove.  outlet  (3‘) 
ove.  outlet  (5') 

Air  flow 
cfm/peaoo 


oir  chonges/hour  Rapid. 


Rapid. 


27  hrs. 
150 

10  sq.  ft. 


50-69F 

45-85% 

SW 

2-4  mph 

cloudy, 

cool 


68  hrs. 
150 

10  sq.  ft. 


60-81 F 

30-80% 

c 

3-5  mph 


62.5F 
76.0F 
64.5F 
82. OF 


76.0F  sat.  81  .OF 
82.0F  sot.  8I.5F 


1  to  1.5  3  to  4 


16  hrs. 
150 

IQ  sq.  ft. 


60-78F 

50-80% 

W 

3  mph 

clear,  hot 


76.5F 

85.9F 

83.9F 


71. 5F 
81  .OF 
71.5F 
82.5F 


83. OF 
84.5F 


4.5  to  5 


Deliberate  Deliberate  Token  Token  Portiol 

openings.  openings.  moisture  moisture  moisture 

•No  occu-  ‘Nooccu-  load.  lood.  load, 

pontt.  pants.  Equilibrium  Equilibrium  Equilibrium 

reached.  reached.  reached. 


Wafer  vapor  method  for  determining  air  chonge  rotes  used  in  oil  tests  except  Test  17. 


TEST  NO.  10 

Stair  tower  closures  above  second  story. 

Stair  tower  doors  open  on  second  story. 

Vol .  ratio  —  test  space  to  circulation  space  =  0.60. 
inlet  opening  17  J)  sq.  It. 

Outlet  opening  17.0  sq.  ft. 


TEST  NO.  11 

Stair  tower  doors  open  on  fifth  story. 

Vol.  ratio  —  test  space  to  circulation  space  -  0.45. 
Inlet  opening  17.0  sq.ft. 

Outlet  opening  17.0  sq.  ft. 
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TEST  NO.  12 

Stair  tower  doors  open  on  fifth  story. 

Vol.  ratio  —  test  space  to  circulation  space  °  0.45. 
Inlet  opening  17.0  sq.ft. 

Outlet  opening  17.0  sq.  ft. 
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TEST  NO.  13 

Stair  tower  doors  open  on  fifth  story. 

Room  doors  on  fifth  story  open  to  corridors. 

Vol.  ratio  —  test  space  to  circulation  space  *»  0.20. 
Inlet  opening  17.0  sq.ft. 

Outlet  opening  17,0  sq.ft. 


COMPARISON  OP  AIR  FLOW  CIRCUIT  CONFIGURATIONS  -  BUILDING  NO,  3 
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Figure  60  {Coot.) 


Table  7  (Coni.) 

TEST  SUMMARY  BUILDING  NO,  3 


TEST  NO 


Duration  of  test 
Simulated  occupancy 
Floor  area  per  person 


Outside  condition* 
oir  temperature 
relative  humidity 
wind  direction 
wind  speed 
comments 


Dry  bulb  temperature 
ave.  inlet 
owe.  outlet 
ave.  room 

Wet  bulb  temperature 
ave.  Inlet  (3‘) 
ave.  outlet  (3') 
ave.  inlet  (5') 
ave.  outlet  (S') 

Effective  temperature 
ave.  outlet  (3') 
ave.  outlet  (5‘) 

Air  flow 
cfm/person 

oir  changet/hour 

Comments 


VO 

tl 

12 

13  hn. 

wasm 

8  hrs. 

150 

100  • 

10  sq.  ft. 

■833 

15  sq.  ft. 

68-80F 

67-80F 

72-92F 

30-46% 

40-74% 

40-80% 

NW 

S 

S 

3  mph 

2-5  mph 

6  mph 

clear,  hot 

clear,  hot 

hot 

77.2F 

77.7F 

77.8F 

86.4F 

86.4F 

84.  IF 

84. ff 

84.5F 

83.2F 

77.5F 

74.0F 

74.0F 

83. OF 

81  .OF 

80.0F 

78. OF 

74.0F 

74.2F 

84.0F 

83.0F 

82. OF 

84.0F 

83. OF 

82, OF 

84.5F 

84.5F 

82.8F 

10  to  12 

12  to  15 

13  to  15 

6  to  7 

7  to  9 

5tod 

Full  mots- 

Full  mots- 

Full  mois- 

ture  load. 

ture  food. 

ture  load. 

Equilibrium 

Equilibrium 

Equilibrium 

not  reached. 

reached. 

reached. 

T 

64-88F 

50-70% 

W 

7  mph 
hot,  humid 


81  .OF  - 
82.0F 


18  to  19 


Full  mois¬ 
ture  load. 
Equilibrium 
reached. 


Water  vapor  method  for  determining  oir  change  rotes  used  in  oil  tests  except  Test  *17 


Outlet 


TEST  NO.  14 

Stair  tower  doors  open  on  fourth  and  fifth  stories. 
Room  doors  on  fourth  and  fifth  stories  open  to 
corridors. 

Vol.  ratio  —  test  space  to  circulation  space  -  0.10 
Inlet  opening  17.0  sq.  ft. 

Outlet  opening  T 7.(7 sq.  ft. 


NW 


outlet 


TEST  NO.  15 

Stair  tower  doors  open  on  fourth  and  fifth  stories. 
Room  doors  on  fourth  and  fifth  stories  open  to 
corridors. 

Vo! .  ratio  —  test  space  to  circulation  space  =  0. 10 
Inlet  opening  17.0  sq.ft. 

Outlet  opening  17.0  sq.  ft. 


outlet 


TEST  NO.  16 

Stair  tower  doors  open  on  fourth  and  fifth  itcries. 
Room  doors  on  fourth  and  fiftis  stories  open  to 
corrtdors. 

One  window  open  on  fourth  story  at  NW  end. 

Vol.  ratio  —  test  space  to  circulation  space  *  0*10. 
Inlet  opening  17.0  sq.  ft. 

Outlet  opening  17.0  sq.  ft. 


outlet 


■  iiiiii'iiimgii  at;v  i 

Inlet 


TEST  NO.  17 

Building  configuration  some  as  in  Test  15  with  the 
addition  of  a  "side  room"  In  the  clteult. 

Vol.  ratio  —  "side  room"  to  main  test  space  u  0.70 
"Side  room"  opening  17.4  sq.  ft.  —  single  door. 

34.8  iq.  ft.  —  double  doo*. 


COMPARISON  OF  AIR  FLOW  CIRCUIT  CONFIGURATIONS  -  BUILDING  NO.  3 

Figure  60  (Cant.) 


Table  7  fCont.) 

TEST  SUMMARY  BUILDING  NO.  3 


TEST  NO. 

w 

1 

Duration  of  test 

11  hr.. 

Simulated  occupancy 

150 

Floor  areo  per  person 

10  sq.  ft. 

Outside  conditions 

oir  temperature 

55-84F 

relative  humidity 

40-60% 

wind  direction 

N 

wind  speed 

2-3  mph 

comments 

hot,  clear 

Dry  bulb  temperature 

ave.  inlet 

79.8F 

ave.  outlet 

86.6F 

ave.  room 

85.3F 

Wet  bulb  temperature 

ave.  inlet  (3*) 

75.3F 

ave.  outlet  (3*) 

81  .OF 

ave.  inlet  (5*) 

75.3F 

ave.  outlet  (5‘) 

82.3F 

Effective  temperature 

ave.  outlet  (3*) 

84.0F 

ave.  outlet  (5*) 
ave.  "side  room*  (5') 

85.0F 

Air  flow 

cfm/person 

10  to  12 

air  changet/houc 

6  to  7 

Comments 

Full  mois¬ 
ture  load. 
Equilibrium 
not  reached. 

104  hf». 
100 

15  sq.  ft. 


50-80F 

40-90% 

NE 

2-5  mph 
variable 


68.7F 

77.5F 

68.9F 

77.9F 


12  to  13 


Full  mois¬ 
ture  load. 
Equilibrium 
not  reached. 


16  hrs. 
150 

10  sq.  ft  . 


60-70F 

75-90% 

S 

1-5  mph 
mild,  humid 


12  to  15 

7  to  9 

Full  moit- 
ture  load. 
Equilibrium 
reached. 


SW 

4-8  mph 
clear,,  cool 


77.0F 
85. OF 
83.0F 


75.0F 
80.5F 
75.0F 
81  .OF 


82.0F 

82.5F 

81.5F* 


8  to  9* 

2.5  to  3* 

Full  moil- 
lure  food. 
Equilibrium 
reached. 


•"side  room* 


Wafer  vapor  method  For  determining  air  change  rote*  used  in  oil  te*t»  except  Te»t  ^17, 


CHAPTER  6 

EXPERIMENTAL  VENTILATION  FACILITY 
PURPOSE  OF  FACILITY 

One  of  the  main  object! ves  of  this  research  project  was  the  development  of 
o  reliable  method  for  measuring  the  rote  of  natural  ventilation  in  shelter 
spaces.  Because  of  the  difficulty  encountered  in  testing  the  reliability  of 
various  methods  under  uncontrolled  conditions  in  potential  shelter  spaces, 
a  temporary  facility  was  constructed  In  an  existing  research  building  for 
this  purpose.  The  facility  was  to  be  used  os  a  means  of  checking  different 
erfiipment  and  methods  under  various  known  conditions  of  air  change  rate, 
temperature,  and  humidity  in  the  test  chamber.  The  control  of  these  con¬ 
ditions  could  be  assured  only  with  the  use  of  o  facility  designed  for  this 
purpose. 

DESCRIPTION  OF  FACILITY 

Space  in  which  to  erect  o  test  facility  was  obtained  in  o  newly  developed 
research  center.  The  butler  frame  building  (Figure  61)  has  tectum  roof 
decking  and  continuous  windows  run  from  a  4  ft.  height  to  the  top  of  the 
IO'-8"  high  brick  wall.  Interior  portltiom  eight  feet  high  ore  the  movable 
metal  type  with  plywood  panels.  All  necessary  mechanical  and  electrical 
facilities  are  within  easy  access. 

the  partition  between  two  30*  x  30'  rooms  was  removed  to  provide  o  space 
approximately  30'  x  60'.  The  entire  space  wo»  sealed  from  odjocenl  rooms 
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EXT6UQ8  Vi£W  —  RESEARCH  BUILDING 


as  tighlljr  a?  possible  without  taping.  Plywood  panels  were  installed  above 
the  partitions  to  accomplish  this  clcsure. 

A  plan,  section,  and  exterior  view  of  the  test  chamber  which  was  constructed 
within  the  30'  x  60*  space  are  illustrated  (Figures  62,  63,  and  64).  The 
chamber  was  designed  to  satisfy  several  criteria.  Since  air  change  rates 
hod  to  be  determined  as  accurately  as  possible,  the  test  chamber  was  com¬ 
pletely  sealed  with  caulking  and  tape.  To  prevent  the  introduced  moisture 
from  escaping,  stud  walls  and  wood  joist  ceiling  were  covered  inside  with 
foil-backed  gypsum  board  with  the  foil  facing  inward.  To  reduce  the  effects 
of  solar  radiation  through  the  windows  in  the  building  wall,  a  foil-backed 
gypsum  board  was  also  installed  on  Hk  outside  of  the  studs  with  foil  facing 
south.  These  panels  are  visible  in  the  exterior  photo  of  the  building 
(Figure  61). 

The  approximate  size  of  the  test  chamber  was  20'  x  40'  Jc  8'.  Water  supply, 
power  supply,  illumination,  and  drainage  facilities  were  provided  within 
the  space.  Lamps  outside  the  test  chamber  which  were  not  absolutely 
necessary  for  illumination  were  dismantled  to  reduce  extraneous  heat  loads. 
One  door  was  provided  at  each  end  of  the  facility. 

The  Inlet  area  to  the  test  chamber  (Figure  64)  was  a  one  square  foot  clear 
area  cut  in  the  inlet  door.  Tfiis  small  afeo  provided  the  means  for  obtain¬ 
ing  a  very  occurote  indication  of  inlet  air  wet  and  dry  bulb  temperatures. 
These  were  measured  with  a  portable,  automatic  psychrometer  described  In 
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EXTERIOR  ViEW  Of  TEST  CHAMBER 


INTERIOR  VIEW  OF  TEST  CHAMBER 


I 

;  Chapter  2.  The  a!r  was  moved  through  the  test  chamber  by  means  of  a  500 

I  * 

cfm  centrifugal  exhaust  blower,  which  could  be  modulated  to  provide  a  range 

I 

|  of  air  flow.  The  outlet  conditions  were  measured  at  the  entrance  to  the  ex- 

i 

:  boost  blower.  The  air  was  exhausted  from  the  test  chamber  to  the  atmosphere 

through  an  8"  diameter  galvanized  pipe,  which  extended  through  the  chamber 

* 

wall  to  the  exterior  of  the  building.  The  exhaust  blower  along  with  other 

f  ■  ■ 

equipment  located  within  the  test  chamber  is  illustrated  in  an  interior  view 
(figure  65). 

r  ret  RESULTS 

Table  8  shows  the  results  of  a  series  of  tests  which  were  conducted  in  the 
test  chamber  for  comparison  of  water  vapor  and  tracer  gas  decay  methods  of 

l 

determining  air  change  rotes.  Helium  was  the  tracer  gos  used  in  conjunction 
with  the  Portable  Infiltration  Meter  described  in  Chapter  2. 

i 

No  attempt  was  mode  to  simulate  o  specific  number  of  occupants  in  the  test 
chamber  by  supplying  a  certain  ratio  of  sensible  to  latent  heat.  Therefore, 
no  effective  temperatures  hove  been  tabulated.  The  exhaust  blower  pro¬ 
vided  control  of  the  oir  change  rate  which  was  kept  constant  during  each  test. 
The  oir  change  rotes  indicated  by  the  water  vapor  method  and  tracer  gat  de¬ 
cay  method  ore  tabulated  for  comparison  to  this  known  rote.  Space  conditions 
were  ollowed  to  stabilize  during  o  12  to  24  hour  period  prior  to  testing. 

The  tracer  gas  decoy  method  appears  to  give  o  fair  degree  of  accuracy  for  oir 
change  roles  at  or  below  3  oir  chonges  per  hour.  For  higher  rotes,  however, 
the  results  ore  less  reliable. 
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It  was  noted  during  this  series  of  tests  that  the  dependability  of  the  tracer  . 
gas  decay  method  is  not  limited  only  by  the  air  change  rate.  Reliable 
sensing  devices  placed  at  different  locations  in  the  space  often  indicate 
very  different  air  change  rates.  It  is  difficult  to  determine  where  these 
sensing  devices  should  be  placed  to  give  an  average  air  change  rate 
through  the  space.  Sensing  devices  in  some  locations  will  indicate  veiy 
high  air  change  rates  while  in  other  locations  low  rates  will  be  observed. 
The  problem  then  is  to  determine  what  the  average  air  change  rate  is. 

Thus,  the  tracer  gas  decay  method  is  good  for  determining  air  change  rotes 
of  low  magnitude  only  in  the  immediate  vicinity  of  the  sensing  device  and 
cannot  be  used  to  determine  overage  air  change  rates  in  a  large  space  with¬ 
out  considerable  difficulty. 

The  water  vapor  method  seems  to  be  reliable  for  a  large  range  of  air 
change  rates  and  for  different  rates  of  moisture  Input  to  the  space.  Since 
inlet  and  outlet  conditions  ore  measured  automatically  throughout  the 
testing  period,  the  woter  vapor  method  gives  o  continuous  record  of  air 
change  rates  throughout  the  test  period,  and  is  not  restricted,  as  are  tracer 
gas  decoy  methods,  to  one  or  two  checks  per  day.  Also,  the  tracer  gat 
decay  method  requires  continuous  attendance  of  personnel  familiar  with  the 
Instruments  being  used,  but  the  water  vapor  method  places  little  additional 
work  toad  on  the  port  of  research  personnel.  However,  in  order  to  obtoln 
useful  test  results  in  a  potential  shelter  spoce  using  the  woter  vapor  method, 
the  full  moisture  load  equal  to  that  which  would  actually  be  emitted  by  the 
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shelter  occupants  must  be  added  to  the  space. 

Next  to  possible  moisture  condensation  on  cold  surfaces,  the  greatest  con¬ 
cern  with  the  water  vapor  method  is  the  possible  migration  of  water  vapor 
into  or  out  of  the  walls,  furnishings  and  other  surfaces  which  would  give  an 
untrue  record  of  the  air  change  rote.  However,  by  exercising  sufficient 
care  in  testing,  and  by  using  records  obtained  only  when  ah  equilibrium 
state  has  been  reached,  the  results  will  be  as  good  q$  any.  that  are  obtained 
by  other  methods.  In  future  testing  it  would  seem  wise  to  pre-condition  the 
surfaces  so  that  water  vapor  migration  would  be  minimized.  Under  this  con¬ 
dition,  the  water  vapor  method  would  be  the  best  clioice  of  all  presently 
known  methods  which  could  be  used. 

Another  instrument  utilizing  the  tracer  90s  decoy  method  was  tested,  with 
Freon  12  as  the  tracer.  The  Westinghouse  Electronegative  Gas  Detector 
described  in  Chapter  2  was  ovai table  for  testing  in  the  test  chamber  for  a 
short  period  of  time,  during  which  favorable  results  were  obtained.  However, 
it  was  not  checked  under  different  conditions  of  humidity,  temperature,  and 
air  flow  because  of  time  limitations.  Therefore,  its  adaptability  to  the 
desired  use  is  not  definitely  known.  From  the  limited  amount  of  operation  In 
the  test  chamber,  this  device  seems  to  hove  good  possibilities.  It  Is  easy  to 
operate,  and  is  considered  quite  stoble.  However,  before  It  con  be 
recommended  for  the  intended  purpose  of  this  research  project,  it  should 
be  more  thoroughly  checked. 
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v  CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 

INSTRUMENTATION 

An  important  objective  of  this  research  project  was  to  develop  reliable 
techniques  Cor  measuring  the  natural  flow  of  air  in  shelter  spaces.  The 
following  are  summary  statements  regarding  the  applicability  of  the 
various  methods  investigated. 

1.  Leak  detectors,  such  as  the  General  Electric  Type  H-1,  designed 
for  detecting  leaks  in  refrigeration  equipment;  are  not  recommended 
for  meosuring  air  change  rates  In  building  spaces. 

2.  The  N.3.S.  Portable  Infiltration  Meter,  using  helium  os  the  tracer 
gas,  would  be  satisfactory  for  determining  the  air  change  rate  In  a 

Si 

building  space  under  certain  limiting  conditions.  These  conditions 
are:  (a)  a  fart  ly  constant  temperature  and  relative  humidity;  (b) 
good  mixing  of  the  building  space  air  with  very  little  turbulence;  and 
(c)  a  constant  air  change  rate  which  is  within  the  limits  of  the  tracer 
gas  decay  method  and  equipment  capability  (approximately  3  air 
changes  per  hour  maximum). 

3.  The  Westing  house  Electronegative  Gcs  Delector  would  be  satisfactory 
for  determining  the  air  change  rate  in  o  building  space  utsder  certain 
limiting  conditions.  These  conditions  are:  (o)  thorough  mixing  of  the 
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air  and  the  tracer  90s  in  the  space;  (b)  provision  of  a  method  of 
standardization;  and  (c)  a  constant  air  change  rate  which  is  within 
the  limits  of  the  tracer  gas  decoy  method  and  equipment  capability 
(approximately  3  to  4  air  changes  per  hour  maximum). 

The  tracer  gas  decay  technique,  although  extremely  useful  in  this 
work,  is  not  really  suited  for  measuring  large  quantities  of  air  cir¬ 
culation  because  of  the  reasons  mentioned  in  the  proceeding  state-, 
ments. 

Direct  velocity  measurements  with  a  calibrated  hot  wire  anemometer 
could  be  used  to  determine  oir  change  rotes  in  building  spaces  based 
upon  limited  observations  in  this  research  project.  The  onemometer 
must  be  accurate  over  the  rang*  of  velocities  that  could  be  expected 
in  this  type  of  study.  Air  flow  must  be  unidirectional  at  all  inlets 
and  outlets  of  the  space. 

The  water  vapor  method  is  the  best  of  the  methods  used  in  this  study 
for  determining  oir  change  rates  in  building  spaces.  It  it  fairly 
occurote  tor  0  lorge  range  of  oir  change  rotes  provided  a  state  of 
moisture  stability  exists  in  reference  to  the  surfaces  and  materials 
within  the  tpoee. 

Comparison  of  oir  change  rotes  detc*nined  by  water  vapor  and  tracer 
gas  decoy  methods  yielded  correlations  an  the  order  el  1 .0  to  1.13 
with  the  known  oir  change  rotes  when  equilibrium  conditions  went 


obtained  in  the  test  chamber  of  the  experimental  ventilation  facility. 
For  air  change  ratet  higher  than  3  per  hoar,  the  tracer  gas  decay 
method  bectane  leu  accurate. 

TEST  PROCEDURE 

The  following  test  procedure  was  developed  as  a  result  of  the  testing  pro¬ 
grams  in  this  research  project. 

i  .  The  test  space  is  tightly  sealed  from  adjacent  spaces,  using  tape  to 
close  all  cracks,  except  where  air  is  expected  to  enter  and  leave  the 
space. 

2.  Heat  and  moisture  producing  equipment  is  installed  In  the  test  spoce 
to  simulate  occuponts.  Sensing  devices  are  located  throughout  the  • 
space  to  monitor  increases  ?n  temperature  and  tumidity. 

3.  After  the  temperature  and  humidity  condition*  approach  equilibrium, 
the  effective  temperature  can  be  calculated  This  value  will  normally 
bo  maximum  at  the  outlet. 

4.  the  air  change  rate  con  be  calculated  by  any  reliable  method. 

5.  If  the  effective  temperature  exceeds  65  F  ot  ony  point  in  the  test 
spoce,  or  the  air  change  rate  produces  leu  than  3  cfm  per  person,  the 
space  conditions  are  considered  substandard  in  accordance  with  criteria 
far  this  project. 


6.  If  space  conditions  are  substandard,  an  attempt  should  be  mode  to  im¬ 
prove  them.  This  improvement  might  include  changing  the  simulated 
occupancy  and/or  changing  the  olr  flour  draft 

TEST  RESULTS 

The  following  conclusions  and  statements  hove  been  developed  based  upon 
data  obtained  during  the  testing  programs.  The  conclusions  are  conservatively 
stated  since  many  of  the  variable  factors  could  not  be  stabilized  over  a 
lengthy  testing  period.  Effective  temperature  has  been  corrected  to  full 
moisture  load  conditions  for  those  tests  in  which  a  reduced  moisture  load  was 
simulated. 

1 .  Limited  time  and  the  priority  cf  other  ob{ectivcs  mads  it  ieyvactical 
to  determine  what  percentage  of  fresh  outdoor  e£r  was  contained  in 
the  air  circulated  through  the  test  space. 

2.  Thus  far,  there  hove  been  no  ossuronces  that  oxygen  end  carbon  di¬ 
oxide  content  in  the  lest  spaces  have  been  kept  under  central. 

3.  There  has  been  no  correlation  evident  between  outdoor  and  indoor 
environmental  conditions. 

4.  Horizontal  circulation  by  gravity  through  a  *est  space  of  1000  square 
feet  (10  square  feet  per ’person)  in  the  basement  area  of  a  building  is 
morgihol  for  producing  on  adequate  number  of  ok  changes  per  hour. 
Also,  there  is  no  assurance  that  the  quality  of  the  circulating  air  will 


be  Satisfactory  for  shelter  occupancy.  (Test  ^4,  Building  No..  1) 

Inadequate  natural  air  n<ove>nnent  as  demonstrated  by  an  excessively 
high  effective  temperature  existed  under  conditions  of  10  square  feet 
per  poison  in  the  basement  test  space  of  a  5  story  building  when  that 
space  was  connected  to  stair  towers  which  were  closed  both  to  the 
outside  air  and  to  all  corridors  in  the  building.  (Tost  *6,  Building 
No.  3) 

For  o  building  with  circulation  limited  to  one  story  plus  basement  and 
occupancy  of  15  square  feet  per  person,  more  than  3  cfm  per  person 
oir  circulation  by  gravity  occurred  when  the  outlet  openings  were 
approximately  0.5  square  feet  per  person  and  located  near  the  top  of 
the  test  space.  However,  effective  temperature  data  was  not 
reliable  for  this  building  configuration.  (Test  *3,  Building  No*  2) 

* 

A  basement  test  space  with  approximately  10  square  feet  per  person  In 
a  simulated  2  story  building  produced  on  air  flow  of  approximately  10 
to  12  dm  per  person.  However,  the  effective  temperature  approached 
85  F  within  a  1 2  hour  period  end  equilibrium  hod  not  been  reached* 
(Test  ^10<  Building  No,  3) 

In  o  $  story  building,  at  o  capacity  ©f  10  square  feet  per  person  In 
the  basement  test  space,  air  flows  of  approximately  10  to  12  cfm  pif 
person  were  attained  when  stair  towers  were  closed  to  the  outside  but 
opened  to  the  top  tw©  floors  and  oil  interior  doors  of  the  dormitory 


rooms  on  those  floors  were  opened.  However,  on  effective- temperature 
of  approximately  85  F  was  reached  before  equilibrium  wos  established. 
(Test  *14,  Building-  No,  3f 

In  a  5  story  building,  ot  a  capacity  of  15  square  feet  per  person  In 
the  basement  test  space,  air  flows  of  approximately  12  to  13  cfm  per 
person  were  attained  when  stair  towers  were  closed  to  the  outside  but 
open  to  the  top  two  floors  and  all  inferior  doors  of  the  dormitory 
rooms  on  those  floors  were  opened.  The  effective  temperature  was 
81  F  after  104  hours  of  testing;  however,  equilibrium  had  not  been 
reached  due  to  continually  changing  external  conditions.  (Test  *15, 
Building  No.  3) 

In  a  test  space,  with  approximately  10  square  feet  per  person  in  the 
basement  of  a  5  story  building,  air  flows  of  12  to  15  cfm  per  person 
were  recorded.  Inferior  doors  to  the  stair  towers  were  kept  opan  at 
bottom  and  top  levels.  Effective  temperatures  were  approximately 
85  F  and  equilibrium  had  been  reached.  (Test  Building  No.  3) 

Jn  a  test  space,  with  approximately  15  square  feet  per  person  In  the 
basement  of  o  5  story  building,  air  flows  of  13  to  15  cfm  per  person 
were  recorded.  Interior  doors  to  the  stair  towers  were  kept  open  at 
bottom  and  top  levels.  'Effective  temperatures  were  below  85  F  end 
equilibrium  hod  been  reached,  (Test  *12,  Building  No.  3) 


12.  In  c  test  space,  with  approximately  20  square  feet  per  person  in  the 
basement  of  a  5  story  building,  air  flows  of  18  to  19  cfm  per  person 
were  recorded.  Stair  towers  were  closed  to  the  outside  but  open  to 
the  top  flocr  and  oil  interior  doors  of  the  dormitory  rooms  on-that 
floor  were  opened.  Effective  temperatures  were  below  85  F  and 
equilibrium  hod  been  reached,  (Test  *13*  Building  No.  3) 

13.  In  a  test  space,  with  approximately  10  square  feet  per  person  in  the 
basement  of  a  5  story  building,  air  flows  of  12  to  15  cfm  per  person 
were  recorded.  Stair  towers  were  closed  to  the  outside  but  open  to 
the  top  two  floors  and  all  interior  doors  of  dormitory  rooms  on  those 
floors  were  opened.  Also,  o  single  window  wos  open  necw  the  top 
of  the  leeward  side  of  the  building.  Effective  temperatures  were 
below  85  F  anti  equilibrium  hod  been  reached,  (Test  *16,  Building 
No.  3) 

14.  With  conditions  similar  to  those  described  in  13  above,  and  an 
additional  simulated  occupancy  of  50  (20  sq.  ft  ./person)  In  a  “side 
room"  with  o  single  entrance,  olr  flows  of  8  to  9  cfm  per  person  were 
recorded  in  the  *s*de  room.*  The  overage  effective  temperature  in 
both  spores  was  below  85  F.  (T«t  *17,  Building  No.  3) 

15.  The  work  done  thus  for ’shows  that  under  fovoroble  conditions,  base¬ 
ment  tpoces  can  be  adequately  ventilated  by  gravity  alone 


r 


16.  The  results  summarized  above  should  be  very  useful  os  interim  treasures. 

,  The  work  to  date  has  provided  a  valuable  insight  into  Hie  phenomena 
and  reliable  measurement  of  natural  air  flow  and  Hie  potential  appli¬ 
cation  for  use  in  the  identification  of  spaces  not  otherwise  recognized 
as  u suable  shelter."  In  addition,  knowledge  of  potential  natural  ven¬ 
tilation  greatly  enhances  the  use  of  mechanically  ventilated  spaces  In 
the  event  of  power  failure. 


Much  additional  work  needs  to  be  done  to  develop  generalized  and  reliable 
criteria  for  the  use  of  natural  ventilation  in  occupied  shelter  spaces  in  new 
and  existing  buildings.  A  suggested  program.  Recommendations  for  Furihe; 
Study,  is  Included  in  Appendix  A. 
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APPENDIX  A 

t 

RECOMMENDATIONS  FOR  FURTHER  STUDY 
A  suggested  progrom  contains  ten  sub-tasks  as  follows: 


TASK 

TITLE 

PAGE 

P-1 

Outside  Infiltration  Measurements  — - — — — 

A-2 

P-2 

Building  “Typing**  for  Natural  Ventilation  Potential  — — 

A-4 

P-3 

Reliable  Measurement  of  Natural  Ventilation  — - - 

A*6 

P-4 

Natural  Vent!  lotion  in  Ccmpartmented  Space*  — - - 

A-7 

P-5 

Ms t hods  for  Enhancing  National  Ventilation  In  Shelter*  - 

A-8 

P-6 

Simple  Mechanical  System*  for  Increasing  Ventilation 

Rate*  in  Natural  Ventilated  Shelter  Space*  — — — — 

A-9 

P-7 

Natural  Ventilation  In  Upper  Stories  of  fall  Buildings  «— 

A-10 

P-8 

Natural  Ventilation  in  Low  Building*  — — —  — —— 

A-ll 

P-9 

Vocation  of  Comfort  Conditions  and  Significances  of 
Temperature  Gradient  upon  Optimum  Utilization  of 

Space  in  Shelter*  Ventilated  by  Natural  Mean*  — — — 

A- 12 

P-10 

Use  of  Models  in  Evaluating  Natural  Ventilation  of 

A-14 

! 
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TASK  P-1  OUTSIDE  INFILTRATION  MEASUREMENTS 

BACKGROUND 

The  use  of  natural  circulation  within  a  building  to  ventilate  a  shelter  space 
depends  on  natural  dissipation  of  heat,  humidity,  carbon  dioxide  and 
other  products  of  living  persons.  The  dissipation  of  these  products  from  the 
building  to  the  weather  depends  on  a  number  of  related  factors.  The  factor 
to  be  studied  specificoMy  under  this  program  is  the  tightness  of  the  building 
walls  and  the  magnitude  of  weather  air  Infiltration. 

OBJECTIVE 

The  objective  of  this  task  is  to  measure  the  air  infiltration  rate  into  a 
building  space,  to  determine  the  dilution  effect,  and  to  evaluate  this  data 
in  terms  of  the  number  of  people  that  con  be  supported  in  a  basement 
shelter  space.  The  net  volume  of  weather  oir  entering  the  building  must 
be  equal  to  or  greater  then  the  volume  of  fresh  oir  required  in  the  shelter. 
Sock  flows  ©t  well  «  infiltration  must  be  determined  before  net  volume  of 
fresh  air  can  be  ascertained. 

PROCEDURE 

1.  Secure  access  to  and  operational  control  of  a  multi-story  building 
having  on  internal  volume  of  ot  least  250,000  cu.  ft.  or  a  ratio  of 
1000  cu.  ft.  per  person  sheltered. 

2.  Close  the  building  doors  and  windows  and  secure  oil  mechanical  fans. 

3.  Open  all  intenor'doors  and  intemol  passages. 
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4.  Instrument  the  building  for  determining  the  infiltration  rote  by  o 
tracer  gas  decay  method.  This  will  require  at  least  one. sensing 

,  device  an  each  floor. 

5.  Compote  the  infiltration  rate  for  each  floor  and  total  the  infil¬ 
tration  for  the  building. 

6.  Compare  this  total  with  the  fresh  oir  requirements  for  the  test 
space. 


i 
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TASK  P-2  BUILDING  "TYPING"  FOR  NATURAL  VENTILATION 


BACKGROUND 

Observations  made  during  this  research  project  indicate  that  natural  ven¬ 
tilation  of  shelter  spaces  is  possible  under  certain  conditions.  Some  of 
the  factors  which  influence  natural  air  flow  Include  the  type  of  building 
from  several  aspects:  (1)  the  "infiltration"  characteristics  of  the  building 
and  (2)  the  "engineered  a3r  flow  pattern"  which  exists  (coincidentally) 
because  of  normal  arrangements  of  vertical  ducts,  stairs,  elevators,  and 
corridors.  With  the  advent  of  air  conditioning  in  the  1930‘s,  modern 
buildings  ere  being  built  without  natural  ventilation  flow  paths  as  a  de¬ 
liberate  design  of  the  building.  If  buildings  are  of  appropriate  type  and 
coincidental?  have  on  "engineered  air  flow  pattern"  their  use  for  natural 
ventilated  shelter  is  enhanced.  Inasmuch  os  the  infiltration  characteristics 
end  air  flow  paths  are  two  important  requirements  for  natural  ventilation. 

It  is  desirable  to  establish  a  general  "typing"  of  buildings  for  this  purpose. 

OBJECTIVES 

1.  Establish  general  criterio  for  potential  naturally  ventiloted  shelter 
systems  in  buildings. 

2.  Evolve  o  building  "typing"  system  for  use  with  natural  ventilation 
criterio  to  quickly  identify  buildings  having  potential  naturally 
ventilated  shelter  spaces. 


PROCEDURE 


1.  Analyze  experimental  data  from  natural  ventilation  measurement 
project  to  further  evaluate  those  characteristics  of  a  building  which 
enhance  natural  oir  flow  patterns. 

2.  Conduct  additional  limited  ventilation  studies  where  necessary  and 
feasible. 

3.  Evaluate  magnitude  in  infiltration  of  typicol  buildings  on  basis  of 
construction  type,  window  and  door  types,  walls,  etc.  ' 

4.  Explore  and  attempt  to  devise  or  adopt  a  building  "typing*  system 
useful  for  identification  of  order  of  magnitude  of  infiltration. 

(e.g.  a  system  as  used  in  Boeckh*s  Manual  of  Appraisals  may  b«  a 
possible  approach) 

5.  Explore  and  attempt  to  devise  or  adopt  a  building  "typing*  system 
for  natural  ventilation  as  related  to  vertical  ducts,  stairs,  corridors, 
etc. 

6.  Explore  computer  "plan  reading"  end  criteria  program  possibilities  to 
improve  the  usefulness  and  standardization  of  a  building  "typing" 


TAStf  P-3  PLIABLE  MEASUREMENT  OF  NATURAL  VENTILATION 

BACKGROUND 

Air  chonge  meosurements  which  have  been  considered  in  various  degree* 
of  thoroughness  hove  been  subject  to  characteristics  which  tend  to  affect 
their  accuracy.  Humidity  is  notorious  for  its  affect  on  electronic  equip¬ 
ment.  Some  instruments  are  sensitive  to  variations  in  the  moisture  content 
of  the  air  being  sampled.  Some  instruments  are  limited  in  the  distance 
betw««n  sensing  devices  and  measuring  equipment.  Some  techniques  are 
tedious  and  time  consuming  where  an  instantaneous  answer  is  desired. 

OBJECTIVE 

It  is  desired  to  develop  on  instrument  which  con  be  operated  simply  and 
with  good  reliability  in  a  program  which  moves  from  building  to  building. 
Tracer  gas  decoy  methods  hove  considerable  promise  and  It  is  In  this  area 
that  much  of  the  effort  wiil  be  directed. 

PROCEDURE 

1.  The  several  methods  which  have  been  utilized  in  ventilation  studies 
and  any  others  that  moy  have  been  developed  recently  will  be  studied 
far  assets  end  limitations,,  including  direct  velocity  measurement. 

2.  Selection  of  a  method  will  be  based  on  its  promise  to  ochieve  the 
desired  results,  after  planned  modifications. 


3.  Tie  modified  system  will  be  demonstrated  under  extremes  of  exposure. 


TASK  P-4  NATURAL  VENTILATION  IN  COMPARTMENTED  SPACES 

BACKGROUND 

On  the  basis  of  experimental  work  in  the  measurement  of  natural  ventilation 
(Contract  OCD-OS-62-&4),  data  indicates  that  significant  air  flew  can 
occur  in  compartmented  spaces  (i*e.  "side  rooms, "  adjacent  to  main  air 
flow  pattern),  if  an  entire  basement  space  is  used  for  shelter  purposes, 
flow  of  air  in  compartmented  spaces  becomes  a  matter  of  concern.  In  order 
to  further  analyze  the  "compartmentatioo  problem,"  it  is  desirable  to  con¬ 
duct  a  series  of  experiments  in  buildings  having  basement  areas  with  com¬ 
partments. 

OBJECTIVE 

1 .  To  determine  the  natural  ventilation  in  typlcol  basement  shelter  spaces 
having  compartments  not  in  the  line  of  direct  air  flow  ("side  rooms"), 

PROCEDURE 

1 .  In  the  experimental  test  chamber  and  in  specific  basement  test  spaces, 
vary  air  flow  ond  iwat  source  configurations  to  determine  factors  In¬ 
fluencing  oir  flow  pa  Her  ns. 

2.  Establish  "theoretical  maximum  occupancy"  for  typical  "side  rooms" 
located  adjacent  to  principal  air  flow  path. 

3.  Establish  general  guidelines  to  old  in  predicting  flow  through  typical 
basement  ipoces  hovt’ng  "side  rooms*  of  varying  size  and  arrangement. 


TASK  P-5  METHODS  FOR  ENCHANCING  NATURAL  VENTILATION 
IN  SHELTERS 

BACKGROUND 

Observations  mock  durtag  thi .  research  project  indicate  that  natural  ven¬ 
tilation  in  shelter  spaces  can  Le  enhanced  by  means  of  specific  "deliberate 
openings"  to  the  atmosphere .  It  is  desirable  to  establish  general  guidelines 
far  determining  the  influence  of  various  “deliberate  openings"  considering 
air  flow  path  in  building,  direction  of  prevailing  winds,  height  of  buildings, 
and  area  and  location  of  openings. 

OBJECTIVE 

Establish  general  guidelines  for  determining  the  influence  of  "deliberate 
openings"  on  noturol  venti  lotion  under  various  environmental  conditions. 

PROCEDURE 

1.  Under  various  environmental  conditions  evaluate  experimentally  the 
influence  of  the  following  factors  upon  natural  ventilation. 

a.  Supplementary  heot  sources  in  outlet  stacks 

b.  Area  and  location  of  "deliberate  openings" 

c.  Direction  and  velocity  of  wind 

d.  Height  of  buildings 

c.  Air  flow  poths  ir.  buildings 

2.  Analyze  experimental  data  in  order  to  develop  gencrot  guidelines  for 
enhancing  air  flow  through  •‘deliberate  openings. 

3.  Review  typical  building  types  to  determine  validity  of  usefulness 
of  the  "deliberate  opening"  concept. 


TASK  P-6  SIMPLE  MECHANICAL  SYSTEMS  FOR  INCREASING  VEN¬ 
TILATION  RATES  IN  NATURALLY  VENTILATED  SHELTER 
SPACES 

BACKGROUND  ' 

During  periods  of  minimum  oir  circulation  through  shelter  spaces,  it  may  be 
necessary  to  supplement  the  natural  oir  flow  with  mechanical  air  flow  by 
means  of  a  manually  driven  blower.  The  blower  needs  to  be  arranged  so 
that  several  persons  con  provide  the  drive  energy  to  move  sufficient  air  to 
ventilate  a  space  sheltering  50  or  more  persons. 

OBJECTIVE 

A  high  volume  Iqw  static  pressure  fan  or  blower  is  to  be  designed  and  con¬ 
structed  to  operate  with  ooe  or  two  persoonet. 

PROCEDURE 

I .  Investigate  information  on  fans  and  blowers  to  determine  the  com¬ 
bination  which  will  yield  the  desired  flaw. 
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TASK  P-7  NATURAL  VENTILATION  IN  UPPER  STORIES  OF  TALL 
BUILDINGS 

BACKGROUND 

Observations  made  during  this  research  project  indkrfe  that  natural  ven¬ 
tilation  of  shelter  spaces  in  basements  is  valid  under  certain  conditions* 
There  are  many  cases  where  spaces  in  upper  stories  of  tall  buildings  might 
be  occupied  for  shelter  reasons;  ! wince,  it  Is  dc  ‘mile  to  determine  if 
natural  ventilation  for  shelter  in  upper  stories  of  tall  buildings  is  possible 
and  feasible  under  various  closure  condition* 

OBJECTIVE 

Determine  the  feasibility  of  the  use  of  natural  ventilation  in  shelter  spaces 
in  upper  stories  of  tall  buildings* 

PROCEDURE 

I  *  Using  typical  full  scale  buildings,  determine  air  change  rotes  in  test 
spaces  •«<  upjier  stories  of  toll  buildings. 

2.  Determine  ways  to  enhance  the  natural  flow  of  air  through  test  spaces 
in  upper  stories  of  toll  buildings. 

3.  Determine  influence  of  basement  occupancy  upon  natural  oir  flow  in 
test  spaces  in  tali  buildings* 

4.  Develop  guidelines  to  aid  in  the  selection  of  pcteniiol  upper  story 
shelter  spaces. 
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TASK  P-8  NATURAL  VENTILATION  IN  LOW  BUILDINGS 
BACKGROUND 

Observations  made  during  this  research  project  indicate  that  natural  ven¬ 
tilation  of  shelter  spaces  is  valid  for  multi-story  buildings  imler  certain 
conditions.  There  exists,  however,  many  basement  shelter  spaces  not  in 
multi-story  buildings.  It  is  feasible  ta  determine  ways  of  r nhnnring 
natural  ventilation  in  basement  spaces  of  single  or  two  story  buiUegi, 

OBJECTIVE 

Determine  the  feasibility  of  natural  ventilation  in  basement  spaces  el 
typical  single  story  or  two  story  "institutional  type"  buildii^js. 

PROCEDURE 

1 .  By  experiment,  determine  natural  ventilation  characteristics  of 
typical  tingle  and  two  story  "institutional  buildings." 

2.  Determine  ways  to  enhance  the  ventilation  characteristics in  b*«meat 
spaces  of  single  or  two  story  buildings. 

3.  Establish  guidelines  to  aid  in  the  selection  of  basement  spaces  in  single 
and  two  story  buildings  which  might  be  feasible  for  use  under  natural 
ueotilotien  conditions. 
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TASK  P-9  VARIATION'  OF  COMFORT  CONDITIONS  AND  SIG¬ 
NIFICANCE  OF  TEMPERATURE  GRADIENT  UPON  OPTIMUM 
UTILIZATION  OF  SPACE  IN  SHELTERS  VENTILATED  BY 
NATURAL  MEANS 

BACKGROUND 

!n  order  for  the  principles  of  natural  ventilation  to  work  successfully  in 
shelter  spaces,  there  will  be  a  variation  of  effective  temperature  from  inlet 
to  outlet.  Specific  full  scale  experiments  conducted  to  date  indicate 
differences  between  inlet  and  outlet  temperatures  of  cis  much  as  10  degrees  F. 
Because  of  this  variation,  the  utilization  of  the  spaces  as  a  shelter  could  be 
enhanced  by  careful  arrangement  of  functions  within  the  space.  For  example, 
sleeping  functions  might  be  placed  at  one  end  (cool  end)  and  activity  func¬ 
tions  at  the  other  end  (warm  end).  In  order  to  determine  optimum  space 
utilization  in  shelters  having  natural  ventilation,  two  "kinds"  of  information 
must  be  developed. 

!.  A  profile  of  effective  temperature  variation  through  the  area  of  a 

naturally  ventilated  shelter  under  different  characteristics  of  activity. 

2.  The  influence  of  segregation  of  activity  upon  effective  temperature 
variation  throughout  a  shelter  space. 

Obviously  each  of  ♦hese  is  interdependent  and  would  have  to.be  Investigated 
concurrently. 

OBJECTIVE 

I.  To  determine  effective  temperature  profile  through  typical  occupied 
spaces  (simulated  occupancy)  to  be  ventilated  by  natural  means. 


2.  Investigate  optimum  arrangement  (by  activity)  of  interiors  of  spaces 
to  be  ventilated  by  natural  means. 

PROCEDURE 

1.  Theoretical  analysis  of  utilization  of  typical  spaces  Having  effective 
temperature  variations  within  the  shelter. 

2.  Experimental  study  on  limited  bosis  of  variation  of  effective  tempera¬ 
ture  as  a  function  of  outdoor  weather  conditions,  infiltration,  air 
change  rate,  occupancy  distribution,  and  occupancy  activity. 

3.  Development  of  analog  for  evaluation  of  specific  configurations, 
shelter  sizes,  air  change  rotes,  occupancy  density,  distribution,  etc. 

4.  Development  of  typicof  optimum  utilization  and  configuration  studies 
to  serve  os  guidelines  for  general  use  of  shelter  spaces  ventilated  by 
natural  means. 


TASK  P-10  USE  OF  MODELS  IN  EVALUATING  NATURAL  VENTILA¬ 
TION  OF  SHELTERS 

BACKGROUND 

The,  problem  of  obtaining  an  entire  multi -story  building  for  ventilation 
studies,  even  for  a  two  week  period.  Ins  proved  to  on  extremely  difficult 
one. 

*  It  would  be,  therefore,  of  greet  value  if  o  method  could  be  deviced  where¬ 
by  scale  models,  of  the  buildings  in  question,  could  be  built  and  tested. 

This  testing  under  environmentally  controlled  conditions  could  be  carried 
out  in  cilmatometer  facilities. 

To  date,  very  little  has  been  dene  on  solving  the  problem*  involved  In 
scaling  a  building  to  a  reasonable  size. 

OBJECTIVE 

To  determine  the  feasibility  of  using  models  to  predict  the  natural  flow  of 
oir  through  multi  -story  buildings* 

PROCEDURE 

1 .  Literature  search  for  information  on  previous  work  done  in  the  fields 
of  model  testing. 

2.  A  mathematical  analysis  of  the  physical  parameters  involved.  The  olm 
Is  to  develop  a  series  of  dimensionless  numbers  that  would  govern  the 
scollng  such  as  the  Reynold's  number  does  in  airplane  design  testing. 


Construction  of  o  test  model  using  the  parameter*  obtained  in  Step  2. 

Laboratory  testing  of  the  model  in  climotometer  facilities  using 
several  weather  conditions. 

Use  of  the  IBM  7074  in  the  calculation,  comparison  and  evaluation 

l 

of  data  token. 

’  » 
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interpretation  of  results  and  comparison  with  data  previously  obtained 
under  actual  conditions. 

Decision  of  the  feasibility  of  using  models  and  their  limitations. 
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